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Abstract 

Solid-solid phase change materials are considered to be potential candidates for thermal 

energy storage (TES).  Amongst the solid-solid heat storage materials, the most 

promising heat storage materials are organic polyalcohol globular molecular crystals 

(with orientational disorder in the energy storing phase).  Studies on CALPHAD 

modeling of binary and ternary phase diagrams of these organic plastic crystals are 

limited, in fact to our knowledge, there are no ternary phase diagram reported in the 

literature for these systems, leading to the motivation for the this study. Binary systems 

of organic plastic crystals have been analyzed to lower or adjust the transition 

temperature for thermal energy storage applications.  In this study, binary phase 

diagrams of 6 systems (PE-PG, PG-NPG, PE-NPG, PE-AMPL, PG-AMPL, NPG-

AMPL) were first modeled to determine interaction parameters; in effect self consistent 

data base used to generate 4 ternary phase diagrams (PE-PG-NPG, PE-NPG-AMPL, 

PG-NPG-AMPL, PE-PG-AMPL). Several isothermal sections were developed, and 

isopleths were generated for each of the above four system; these isopleths are key to 

understanding the nature of phase transitions.   The solution phases are modeled as 

substitutional solution model, in which the excess Gibbs energies are expressed by the 

Redlich-Kister-Muggianu polynomial.   Experimental data from literature has been used 

for optimization of the binary phase diagrams to calculate the excess Gibbs energy 

parameters.  The phase diagrams are calculated from room temperature to the liquid 

phase. A set of self consistent thermodynamic parameters formulating the Gibbs 
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energies of various phases in the ternary systems are obtained in the present work. 

Activities and enthalpies of mixing for the binary systems are calculated from the excess 

Gibbs energy parameters.  Activities for ternary phase diagrams are extrapolated from 

the binary data by the application of Krupkowski’s formalism.  In this dissertation, the 

above mentioned six binaries and four ternaries along with their isopleths are presented.   

The results of these studies allowed us to better understand the complex phase transition 

mechanisms and gave us more latitude for adjustment of phase transition temperatures.  

PE- Pentaerythritol (C5H12O4), PG- Pentaglycerine (C5H12O3),  

NPG- Neopentylglycol (C5H12O2), AMPL - 2 amino,2 methyl, 1,3 propanedoil 
(C5H11O2N) 
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Chapter I  Introduction 
 

Due to increasing global energy demands, and depletion of available energy resources, 

the need for alternate energy solutions has become an imminent necessity.  Possible 

options are solar, wind, nuclear, geothermal, tidal, and hydrogen energy.  Direct solar 

energy radiation is considered to be one of the most potential sources of energy.  Since 

solar energy is available only during the day, its application involves effective thermal 

energy storage, so that the excess heat accumulated can be stored for use at night.  Heat 

recovery systems have the same problem, where the surplus heat availability and 

consumption periods are different, which necessitates thermal energy storage.  

Additionally, electrical energy consumption fluctuates considerably during the day, 

especially in extreme climates, where most of the variation is used to space heating and 

air conditioning.  This variation leads to periods of uneven power distributions. Power 

stations have to be designed with very efficient power distribution system.  This can be 

achieved if some of the load during peak hours can be shifted to off peak hours.  This can 

be achieved by thermal storage.  Hence, the successful application of load distribution 

depends on the method of storage used. 

The storage of energy in forms, which can be converted to the required form, poses a 

present day challenge to scientists.  Besides reducing mismatch between supply and 

demand, it also improves energy system performance and plays an important role in 

conserving energy [1].  One technique for storing thermal energy is the application of 

phase change materials (PCMs).   
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1.1. Energy storage methods 

Different forms of energy that can be stored include mechanical, electrical and thermal 

energy [2

Mechanical energy storage involves gravitational energy storage or pumped hydropower 

storage (PHPS), compressed air energy storage (CAES) and flywheels.  The PHPS and 

CAES technologies can be used for large scale energy storage while flywheels are more 

suitable for intermediate storage.  Storage is carried out when inexpensive off-peak 

power is available, e.g., at night   or weekends.  Stored power is discharged when power 

is needed. 

]. 

Electrical energy is stored using batteries.  The battery is charged by connecting a source 

of electric current, and releases the energy when discharged. Batteries are potentially 

applicable for utilization of off-peak power, load leveling and photovoltaic plants.   

Thermal energy storage can be stored as a change in internal energy of a material as 

sensible heat, latent heat and thermochemical or combination of these. An overview of 

major technique of storage of solar thermal energy is shown in figure 1-1 [3

 

]. 

1.1.1. Sensible heat storage 

Thermal energy is stored in sensible heat storage materials by increasing the temperature 

of a solid or liquid.  These materials use the heat capacity and temperature difference 

while charging and discharging.  The amount of heat stored depends on the heat capacity, 

temperature change and the quantity of storage materials [4]. 
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Water is considered as the best sensible heat storage material as it is inexpensive and has 

a high specific heat.  Although, molten salts and liquid metals, etc. are used at high 

temperatures (100ºC). 

 

 

 

 

Figure 1-1 Different types of thermal storage of solar energy [3]. 

 

 

1.1.2.  Latent heat storage 

Latent heat storage is based on the principle of heat release or absorption when the 

material undergoes a phase change (solid-liquid/liquid-gas).  The storage capacity of 

latent heat storage system with a PCM medium [5] is given by 
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1.1.3.  Thermochemical energy storage 

Thermochemical systems rely on the energy absorbed and released in breaking and 

reforming molecular bonds in a completely reversible chemical reaction.  In this case, the 

heat stored depends on the amount of storage material, the endothermic heat of reaction, 

and the extent of conversion. 

rr hmaQ ∆=                                                                                                                       

Amongst all the above mentioned heat storage methods, latent heat storage is the most 

attractive due to its high-energy storage density and its capability to store heat at constant 

temperature equivalent to the phase transition temperature of materials.  Phase change 

can be described as a material undergoing phase transformation from solid-solid, solid-

liquid, solid-gas, liquid-gas and vice-versa.  In solid-solid phase transitions, heat is stored 

as the material transforms form one crystalline phase to another.  Solid-solid phase 

transitions have small latent heat and small volume changes, as compared to solid-liquid 

transitions.  These phase change materials are advantageous because of the need of less 

severe container requirements and greater design flexibility [6

The most promising materials are organic solid solutions of pentaerythritol (m.p. 188 8C, 

latent heat of fusion 323 kJ/kg), pentaglycerine (m.p. 81 8C, latent heat of fusion 216 

].  Most of the solid-solid 

phase change materials are organic solid solutions of pentaerythritol with a melting point 

of 188ºC, and latent heat of fusion 323kJ/kg.  Other examples belonging to this class of 

materials are pentaglycerine, Li2SO4, etc.  
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kJ/kg), Li2SO4 (m.p. 578, latent heat of fusion 214 kJ/kg) and KHF2 (m.p. 196 8C, latent 

heat of fusion 135 kJ/kg) [1].  Trombe wall with these materials could provide better 

performance than a plain concrete Trombe wall. Solid–gas and liquid–gas transition 

through have higher latent heat of phase transition but their large volume changes on 

phase transition are associated with the containment problems and rule out their potential 

utility in thermal-storage systems. Large changes in volume make the system complex 

and impractical [7

(i) a suitable PCM with its melting point in the desired temperature range, 

]. Solid–liquid transformations have comparatively smaller latent heat 

than liquid–gas. However, these transformations involve only a small change (of order of 

10% or less) in volume. Solid–liquid transitions have proved to be economically 

attractive for use in thermal energy storage systems. PCMs themselves cannot be used as 

heat transfer medium. A separate heat transfer medium must me employed with heat 

exchanger in between to transfer energy from the source to the PCM and from PCM to 

the load. The heat exchanger to be used has to be designed specially, in view of the low 

thermal diffusivity of PCMs in general.  The volume changes of the PCMs on melting 

would also necessitate special volume design of the containers to wholes PCM.  It should 

be able to absorb these volume changes and should also be compatible with the PCM 

used.  Any latent heat energy storage system therefore, possess at least following three 

components: 

(ii) a suitable heat exchange surface, and 

(iii) a suitable container compatible with the PCM. 
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The development of a latent heat thermal energy storage system hence, involves the 

understanding of three essential subjects: phase change materials, containers materials 

and heat exchangers.  

 

1.2.  Latent heat storage materials 

Phase change materials (PCM) are ‘‘Latent’’ heat storage materials. The thermal energy 

transfer occurs when a material changes from solid to liquid, or liquid to solid. This is 

called a change in state, or “Phase.”  Initially, these solid–liquid PCMs perform like 

conventional storage materials; their temperature rises as they absorb heat.  Unlike 

conventional (sensible) storage materials, PCMs absorb and release heat at a nearly 

constant temperature.  A large number of PCMs are known to melt with a heat of fusion 

in any required range.  However, for their employment as latent heat storage materials 

these materials must exhibit certain desirable thermodynamic, kinetic and chemical 

properties.  Moreover, economic considerations and easy availability of these materials 

has to be kept in mind.  The PCMs to be used in the design of thermal-storage systems 

should pass desirable thermophysical, kinetics and chemical properties follows [8,9

Selecting a PCM for a particular application, the operating temperature of the heating or 

cooling should be matched to the transition temperature of the PCM.  The latent heat 

should be as high as possible, especially on a volumetric basis, to minimize the physical 

size of the heat store.  High thermal conductivity would assist the charging and 

discharging of the energy storage.  Phase stability during freezing melting would help 

towards setting heat storage and high density is desirable to allow a smaller size of 

]. 
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storage container.  Small volume changes on phase transformation and small vapor 

pressure at operating temperatures reduce containment problem. 

Supercooling has been a troublesome aspect of PCM development, particularly for salt 

hydrates. Supercooling of more than a few degrees will interfere with proper heat 

extraction from the store. 

PCMs can suffer from degradation by loss of water of hydration, chemical decomposition 

or incompatibility with materials of construction. PCMs should be non-toxic, 

nonflammable and non-explosive.  Low cost and large-scale availability of the phase 

change materials is also very important. 

 

1.3. Types of Phase Change Materials 

A large number of phase change materials (organic, inorganic and eutectic) are available 

in any required temperature range. A classification of PCMs is given in figure 1-2. There 

are a large number of organic and inorganic chemical materials, which can be identified 

as PCM from the point of view melting temperature and latent heat of fusion. However, 

except for the melting point in the operating range, majority of phase change materials 

does not satisfy the criteria required for an adequate storage media as discussed earlier. 

As no single material can have all the required properties for an ideal thermal-storage 

media, one has to use the available materials and try to make up for the poor physical 

property by an adequate system design. For example metallic fins can be used to increase 

the thermal conductivity of PCMs, supercooling may be suppressed by introducing a 

nucleating agent or a ‘cold finger’ in the storage material and incongruent melting can be 

inhibited by use of suitable thickness. In general inorganic compounds have almost 
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Figure 1- 2 Classification of PCMs [3] 

 

double volumetric latent heat storage capacity (250–400 kg/dm3) than the organic 

compounds (128–200 kg/dm3). For their vcery different thermal and chemical behavior, 

the properties of each subgroup affect the design of latent heat thermal energy storage 

systems using PCMs of that subgroup. 

 

The solid-gas phase change materials, specifically metal hydrides, have also been 

considered for thermal energy storage. The phase change is the absorption of hydrogen 

into the lattice of the metal alloy, during a reaction of the following form: M+H2->MH2 

generate heat during transformation [10].  Substituted LaNi5 – xMx, where M = Sn, Gd, 
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Al, or excess Ni, is a potential candidate for this type of storage medium.  In a unique 

experimental lab configuration [11], hydrogen at pressures exceeding 150 psi is allowed 

to saturate the host alloy. Once the compound is depressurized the temperature of the 

metal can exceed 125 ºC.  Through a series of chambers and valves, a metal hydride heat 

pump can be used for ―on demand‖ heat release.   A typical enthalpy of hydrogen 

reaction with the alloy is -35 KJ/mol.  For cold weather applications, a charged MHHP 

containing -220 grams of an alloy at 0 ºC upon discharge will increase in temperature to 

35 ºC. This thermal energy storage system is being considered for space exploration 

situations.  The obvious disadvantage to this system is pressurized hydrogen and the 

possibility of leakage but the metal hydride heat pump is a promising new approach to 

specific thermal energy needs. Other metal hydrides systems are being suggested for 

heating and air conditioning applications in commercial buildings.  The third class of 

phase change materials is which undergo solid-solid phase transitions.  In particular, 

certain class of organic molecular crystals called polyalcohols is currently being 

developed for thermal storage applications. These polyalcohols are currently being 

developed for thermal energy storage applications.  Polyalcohols such as pentaerythritol, 

pentaglycerine, neopemtylglycol, and tris exhibit crystalline transformations which 

reversibly absorb and emit large amounts of heat [12].  Thermal storage of latent heat 

occurs with the change in crystal structure at a fixed transition temperature (Tt). The low 

temperature structure is a low symmetry type which transforms to a symmetric crystalline 

form but disordered when these crystals are heated above the transition point. The 

thermal energy storage capacities of the different systems are compared on a volumetric 

and gravimetric basis as shown in figures below.  In Figure 1-3(a) energy densities per 
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unit mass for PCMs are plotted against their respective transition temperature. The 

calculated volumetric energy densities for the same materials are plotted as a function of 

transition temperature are shown in Figure 1-3(b) [13

The polyalcohols, amines, and other families of compounds have two crystallographic 

forms.  The high temperature crystalline phases have been designated as―phase I and the 

low temperature phase had been designated as ―phase II, by Timmermann [

]. Volumetric energy densities are 

of significant importance for designing compact thermal energy storage systems. When 

compared to polyalcohols, salt hydrates or other eutectic salts, the hydrides have the 

highest volumetric densities. 

14], Nitta 

[15], and others.  The early studies on thermal energy store were mainly concentrated on 

the structure and thermodynamic properties of pure polyalcohols.   Murrill and Breed 

[16] evaluated the feasibility of thermal applications of selected SSPCMs on passive 

temperature control of satellites.  With the potential for an excellent energy storage 

resource in mind, investigators were initiated for passive energy storage in solar 

buildings.  Benson et al. [17

 

] conducted studied various polyalcohols using thermal 

analysis methods.  From the preliminary tests, they realized that in order for the 

polyalcohols to be effective thermal energy storage mediums the phase transition 

temperatures would have to be adjusted.  They covered that my mixing PE-PG, PE-NPG, 

and PE-NPG to form solid solutions, the transition temperature could be changed.  
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Figure 1- 3 Comparison of energy densities per unit mass (a) and energy densities per 
unit volume (b) of solid-solid, solid -liquid and solid- gas systems [13]. 
 
 
Thermal energy storage materials are becoming increasingly important as a renewable 

energy resource.  Several types of phase change material (PCM) have been evaluated for 

thermal energy storage applications [18,19,20,21,22]. The solid-liquid PCM including 

(a) 

(b) 
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paraffin and salt hydrates [23,24,25] have been extensively studied and solid-gas PCM in 

the form of metal hydrides have also been investigated [26,27

Solid-solid phase change materials involve a process in which some solid materials 

adsorb a significant amount of heat at a fixed temperature when they transform from a 

low symmetry crystal structure to a high symmetry one.  In the process, these materials 

store a large amount of heat, and this heat can be removed reciprocally for use.  

Compared to solid-liquid phase change materials, solid-solid phase change materials have 

the advantages of smaller volume changes during the phase change process, no leakage 

problems, smaller erosion to the device and longer service life among others, although 

they also have the drawbacks of smaller latent heat and higher phase change temperatures 

which are undesirable for low temperature applications.  In addition, some crystalline 

solids with carbon and hydrogen elements can reciprocally absorb and remove a large 

amount of heat when they transform from one crystal structure to another, which makes   

these solid-solid phase change materials potentially efficient and promising heat storage 

materials.  

].   

1.4. Organic Plastic Crystals 

A special class of organic molecular crystals exhibits polymorphisms that are 

characterized by high enthalpies of solid-solid transitions and a low enthalpy of fusion. 

Such organic ―plastic crystals are potential thermal energy storage materials that 

undergo solid-solid phase transitions storing a significant amount of thermal energy and 

can be incorporated in practical applications such as dry-wall and thrombi walls in 

passive solar buildings.  Timmermann [28] identified this group of molecules as globular 

molecules.  An important characteristic of these molecules is that they undergo phase 
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transition from a layered or chained low temperature structure (for example: tetragonal, 

monoclinic, orthorhombic etc.) to a disordered but isotropic high temperature cubic phase 

(FCC or BCC). This high temperature phase is referred to as orientationally disordered 

crystal (ODIC) or plastic crystal phase. Alcohol derivates of neopentane are examples of 

these ―plastic crystals‖. These materials are proposed for use in passive solar buildings, 

and can potentially be incorporated in building materials. 

These materials are far superior as compared to conventional sensible heat storage 

materials. 

At present, the potential solid-solid phase change materials are polyalcohols, amines, 

polyethylenes, layered perovskites, etc.  The polyalcohols include pentaeythritol [PE: 

(CH2OH)2C (CH2OH)2], pentaglycerine [PG:(CH3)C(CH2OH)3], neopentylglycol [NPG: 

(CH3)2C(CH2OH)2], and neopentylalcohol [NPA: (CH3)3C(CH2OH)].  Examples of 

amine derivatives include 2-amino-2-methyl-1,3-propanediol [AMPL: 

(NH2)C(CH3)(CH2OH)2], and tris(hydroxymethyl) aminomethane [Tris: 

(NH2)C(CH2OH)3]. [29,30,31,32,33,34,35,36,37,38,39

It is found that these polyalcohols are heterogeneous at low temperatures, but when the 

temperature rises to the solid-solid phase change temperatures, their molecules become 

homogeneously face-centered cubic crystals with high symmetry and absorb a great deal 

of hydrogen bonds and among these square-bridge type molecules break.   Experiments 

show that the phase change of polyalcohols is first order and their Gibbs changes are zero 

[

] 

40 31].   Benson et al. [ ,32] believe that the solid-solid phase change enthalpy in NPG or 

PE should be as follows  

0HnBSTH hs ∆+=∆=∆                                                                                                      
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where 0H∆  is the contribution from the non-hydrogen bond to the enthalpy which can be 

estimated from the solid-solid phase change enthalpy of neopentane which does not 

contain OH (about 2.6 kJ/mol), hB  is the average hydrogen bond energy which I about 

9.7 kJ/mol for the polyalcohols NPG and PE and n is the average hydrogen bond number 

in every molecule which is related to N, the number of OHs in every molecule, by the 

following equation  

4

2fNn =  

For NPG and PE, N is 4 and 2 respectively, and f=1, therefore, 

4

2

0
hBNHH +∆=∆  

To obtain solid-solid phase change materials which have a larger range of phase change 

temperatures, which are beneficial for low temperature utilizations of solar energy, it is 

reasonable to combine, at a fixed molecule fraction, two or more polyalcohols together to 

form an alloy type mixture whose phase change temperature can then be adjusted to meet 

the application requirements [41].   Figure 1-4 shows the hydrogen bonds in PE-NPG 

after NPG is added to PE [42

29

].  Benson et al., Zhang et al., and Ruan et al. examined 

experimentally the solid-solid phase change temperatures and enthalpy of the binary 

system consisting of NPG and PE [ ,31].  Benson et al. believed that the mechanism of 

the solid-solid phase change in the binary system of polyalcohols similar to that in the 

monophyletic system, which is governed by the crystal structure change.   
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Figure1- 4 Hydrogen bonds in the binary system of NPG/PE after PE is added into NPG 
[42]. 
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1.4.1. Pentaerythritol (PE) 

Pentaerythritol (C(CH2OH)4), is one of the simplest molecular solids, as it may be 

viewed as formed by replacing each H in methane by (CH2OH) units.  At ambient 

conditions, pentaerythritol (PE) has a simple layered structure [43] (space group I _4).  In 

this phase, the intralayer molecules (parallel to the a–b crystallographic plane) interact 

through cooperative hydrogen bonding as shown in figure 1-5 [44].  In contrast the 

interlayer bonding (along the c-axis) is weak van der Waals type (closest distance of 

approach of layers 3.5 Å).  Thus PE is a model compound to study the properties of 

hydrogen bonds and the phase transformations in cyclic and acyclic alcohols under high 

pressures. In addition, its structure is closely related to that of pentaerythritol nitrate 

(PEN) which is used as an initiating explosive, the explosive sensitivity of which seems 

to be related to its structural features [45

Nitta and Watanbe [

]. 

46] were the first to determine the crystal structure of PE.  Later on, 

Eilerman and Rudman [47

The important features of the determined tetragonal structure may be summarized as 

follows: If the hydrogen atoms of the OH groups are not taken into consideration, the 

molecule C(CH2OH)4 in the crystal possesses approximately the symmetry of D2d-42m, 

precisely S4-4, with one pair of primary alcohol radicals puckered upwards and the other 

downwards, namely, all the bond angles of these atoms being approximately tetrahedral 

] refined the PE structure and determined atom positions in the 

unit cell.  



17 
 

 

Figure 1-5 (001)Layer of the crystal structure of pentaerythritol atambient conditions  
space group I _4). (Grey circles, large black circles and small black circles represent 
carbon, oxygen and hydrogen, respectively. The dashed lines represent the intra-layer 
hydrogen bonds.) [48

 
 

] 

The molecules are arranged flat in a sheet parallel to the crystallographic c-plane, and the 

whole crystal is made up of such molecular layers.  The linkage between neighboring 

molecules in a layer is more or less firm by the interaction of the hydroxyl groups.  The 

geometrical aspect of this linkage is such that four hydroxyl oxygen atoms, one out of 

each adjoining molecule, constitute a square, of which every side is presumably bridged 
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over by a hydrogen atom [49].  The crystal structure of low temperature phase of PE is 

shown in figure 1-6 [50

 

]. 

 

Figure 1-6 Crystal structure of the low temperature phase of pentaerythritol [50] 

 

Polyalcohol crystals undergo α→γ transitions from a lower symmetry to a higher 

symmetry structure, when heated. Pentaglycerine and pentaerythritol have similar layered 

body centered tetragonal (BCT) low temperature (α) phases.  The high temperature (γ) 

plastic phases for both PG and PE are FCC.  The lattice expansions on PG have been 

determined by Chandra et al. [51

51

] using high temperature Guinier X-ray diffraction. 

Chandra et al. [ ] provide a detailed evaluation of the XRD patterns, which revealed that 
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the two γ peaks were superimposed along with those of the α phase.  They also observed 

a single γ phase region above 91°C, and measured the position of the low and high 

temperature phases and lattice parameters based on several d-spacings using least square 

fit.  The complexity of liberation and translation movements of molecules is undoubtedly 

very large in the cubic phase compared with those of the tetragonal phase.  As a result, 

layering is not maintained, cubic phase is “plastic”, “not layered” and evidence indicated 

that the molecules are not rigid. The question of statistical preference of molecular 

orientation in the cubic cell was addressed by Nitta and Watanbe [52

 

] attempted to match 

the intensities of the reflection from powder sample to ten different models, and with 

very few Debye rings that are available at such high temperatures (because of the 

extremely high x-ray temperature factor). 

1.4.2. Pentagycerine (PG) 

The crystal structure of PG at room temperature was studied by Rudman et al. in 1983 

[53

53

].  They showed that the crystal structure is body centered tetragonal  with Z=2 (phase 

II).  When heated, PG undergoes a phase transition leading to an orientationally 

disordered face centered cubic lattice (phase I) at about 353K [ ].  This phase is stable 

up to the melting point (about 460K).   

 The low temperature phases held together by hydrogen bonds between OH groups of 

neighboring molecules.  The FCC phase transition is accompanied with large enthalpy 

[54] related to breaking of hydrogen bonds.  This takes place as the molecule is going 

from an ordered phase to disordered phase.   
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Figure 1-7 Molecular structure of pentaglycerine 

 

The changes in the lattice parameters in the α phase reported by Chandra et al [51] is 

reported in Table 1-1. 

The transition entropy is the measure of the disorder in the high temperature phase.  The 

entropy corresponding to this orientational disorder is R ln(48) = 32.2 JK-1mol-1.  This is 

supplemented by conformational disorder which does not depend on symmetry.  

Assuming the molecule has tetrahedral shape, the total entropy of 59.6 JK-1mol-1 

calculated matches well with the experimentally determined entropy of 59.3 JK-1mol-1 

[51].   

Suenaga et al. [54] reported the dependence of thermo physical properties of the 

homologous polyols on number of –OH groups.  As the number of –OH groups increases 

in each molecule, the molar volume of the high temperature phase decreases and that of  

C

C
C

C
C

O

OO
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Table 1-1 Lattice Parameters of Pure PG and PE at Elevated Temperatures Along with 
Lattice Expansions [51]. 

No. Temp. 
(ºC) 

          Lattice Parameters 
     a (Å)                      b (Å) 

 Lattice Expansions 
 Δa/a              Δc/c 

 

                α-Phase (BCT)   

1. 32 6.1672(0.0026)            8.5477 (0.0037)   
2. 38 6.1634 (0.0014)              8.5542 (0.0015)      0.007           0.020  
3. 43 6.1708 (0.0030)              8.5524 (0.0033)      0.132           0.013  
4. 52 6.1681 (0.0029)              8.5600 (0.0031)      0.185           0.072  
5. 56 6.1693 (0.0040)              8.5547 (0.0043)      0.259          -0.023  
6. 62 6.1678 (0.0055)              8.5619 (0.0058)      0.336           0.037  
7. 66 6.1790 (0.0041)              8.5553 (0.0044)      0.391          -0.019  
8. 72 6.1740 (0.0028)              8.5614 (0.0029)      0.398           0.010  
9. 78 6.1790 (0.0022)              8.5638 (0.0024)      0.514           0.040  
                  γ-Phase (FCC)   

10. 84                                          8.8656 (0.0006)                         4.200  
11. 91                                          8.8772 (0.0003)                         4.337  
12. 98                                          8.8800 (0.0015)                         4.448  
13. 103                                          8.8937 (0.0052)                         4.531  
14. 109                                          8.9090 (0.0066)                         4.711  
 

low temperature phase increases.  The temperature, enthalpy and entropy of transition 

also depend systematically on the number of OH groups.  Dissociation of hydrogen bonds 

and the intermolecular motional degrees of freedom thereby enhanced would play an 

essential role in the phase transition.   

 

1.4.3. Neopenytlglycol (NPG) 

 The unit cell and space group of the solid crystal phase at room temperature were 

reported by Zannetti [55] as monoclinic with systematic absences corresponding to space 

group P21/c with Z=4.  
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The crystal structure was settled by Nakano et al. [56

 

] who indicated the same unit cell 

and assigned the space group to be P21/n.  The monoclinic structure is stable up to about 

313K.   Between this temperature and the melting point about (398K) the NPG exists a 

plastic crystal phase the structure of which is face centered cubic (Z=4).  The previously 

reported data and results are reported in Table 1-2. 

Figure 1-8 Molecular structure of NPG 

 

X-ray diffraction studies by Barrio et al. at [57

±

] room temperature gave lattice 

parameters: a=6.019(3) Å; b=10.881(4) Å; c=10.132(4) Å; β=100.61(1º).   Their studies 

revealed that at 313.2 1.0K NPG becomes cubic (f.c.c., phase I), with lattice parameter 

a=8.860(8) Å at 356K. This phase I remains until the melting point at 398± 1.0K. The 

enthalpy variations for phase II to phase I and for the phase I to liquid transitions are 14.1

± 0.5 and 4.0± 0.1 kJmol-1, respectively.  

The NPG compound may be considered as a derivative of the pentaerythitol (PE) 

compound.  NPG is obtained from PE by substituting two CH2OH groups to two CH3 

groups.   
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Table 1-2 Lattice Parameters for NPG [57] 

Phase Parameters 
a(Å)           b(Å)           c(Å)             β(º) 

Temperature 
(K) 

Reference 

 
 

II 

5.98(2)       11.00(3)      10.81(3)      112.4(3) 
6.01            10.91          10.18           100.0 
6.0773        10.9642      10.1125       99.68 
5.985(3)     10.877(4)    10.101(4)    99.75(1) 

Room 
Room 
294 
288 

 

 
I 

8.82 
8.838 
8.860(8) 

348 
320 
356 

 

 

Infrared absorption studies [58

 

1.4.4.  2-Amino-2-Methyl-1,3-Propanediol (AMPL) 

] indicated that the –OH stretching band corresponding to 

hydrogen bond is present in PE, PG and NPG for the low temperature phases.  On 

heating, the frequency of the absorption band of –OH increases at temperature close to 

the transition temperature.  These shifts are characteristic of hydrogen bond breakage.   

 The unit cell of the low-temperature phase (denoted as M,) at room temperature was 

earlier determined as monoclinic, the results being a=8.62& b==ll.OOA, c=&lOA and fi= 

93.53(l), Y = 579.4(6) and Z = 4 [59

The monoclinic phase is stable up to (352.6 + 1.0) K.  At higher temperatures AMPL is 

cubic (phase 1, body centred cubic (bee.), with Z = 2, and called C, ). The lattice 

parameter of this phase is 6.753(7) A at 353.2 K [59]. 

].  X-ray diffraction results are: a = 6.105(2) A, b = 

11.037(4) A, c = 8.613(3) and p =93.57(l).  In spite of the 45 reflections used in the 

refinement process of lattice parameters no systematic absences were detected and hence 

the space group remains still undetermined. 

 



24 
 

AMPL has large entropy of solid-solid phase transition and very low entropy of fusion 

[60].  Rose and Van Camp [61] reported the powder data on AMPL and concluded the 

structure to be monoclinic with lattice parameters; a = 8.62 Å, b = 11.00 Å, c = 6.1(3) Å, 

= 93.32(1)º, V = 580.3(5) Å3 at 20 (± 1) ºC, Dx = 1.211 g. cm-3 for z = 4 from the JCPDS 

card.  In 1991, Chandra, Ding, and Lynch [62] reported powder diffraction patterns of 

binary solid-solutions with other organic compounds such as neopentylglycol and AMPL 

[63

 

] which are indexed based on the JCPDS card 12-1111.  Chandra, Ding and Lynch 

[63] have shown that AMPL has a propensity to undercool with substitutional doping of 

this organic plastic crystal.  The bond lengths of non-hydrogen atoms are listed in Table 

1-3. 

Table 1-3Bond Lengths of non-Hydrogen Atoms in AMPL. [64

Type Length (Å) Type Length (Å) 

] 

O1—C1 1.425(4) O2—C3 1.410(4) 

C1—C2 1.534(4) C2—N 1.477(4) 

C2—C3 1.525(4) N—H1a 0.93(5) 

C2—C4 1.529(5) N—H2a 0.89(5) 

O1—H10 0.82(6) O2—H2o 0.86(5) 

 

The monoclinic structure of the α phase of AMPL has a tetrahedral molecular chain 

joined via O….H and N….H bonds. The molecules have intermolecular O….H—O 

bonds along the linear chains and the chains are interconnected by alternating O….H—O 

and O….H—N bonds leaving unbounded periodic hydrogen atom sites in the structure. 
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The molecular arrangement may be explained by showing the bonds between four 

molecules in Figure 4. Computer generated projections of the molecules in the a-b, b-c, 

and a-c planes in the space group P21/n are given in Figure 4 with the unit cell outlined. 

There are inversion centers at the midpoints of each unit cell edge, at the corners of the 

unit cell, and at ½, ½, and ½. Bonding between the four AMPL molecules in Figure 4 can 

be viewed as follows; the central AMPL molecule is bonded to the right hand molecule 

(b) with hydrogen bonds, namely O2-H2o….O1b AND O1b-H2o-O1 bonds. The other 

two molecules, a and c, to the left are bonded alternately by O1-H1o….H2na-O2 and 

NH2n…. O2c, respectively. The average nitrogen acceptor (N) contact distance with 

donor oxygen is 2.725 Å and the average hydrogen distance, shown by the double dashed 

line, is 1.89 Å. The O—H bonds, however, involve two types of interactions. The first is 

donor O-H2o and the acceptor O1 distance is 1.86 Å. The second donor O—H2n and the 

acceptor is O2 bond with a distance of 3.068 Å, and the hydrogen to acceptor O2 bond 

with a distance of 2.18 Å. Figure 5 shows the orientation of O—H and N—H bonded 

molecules in the unit cell of AMPL. Figures 1-9 and 1-10 show the orientation of 

alternating bimolecular chains in the Y-Z and X-y planes, respectively. In Figure 6, the 

atom positions are projected on the a-c plane. The molecules are bonded along the length 

of the chain with O—H bonds and alternate chains are joined by O—H and N—H bonds. 

In 1991, Chandra, Ding, and Lynch [60] reported the phase structure BCC a = 6.7 Å 

above approximately 84°C at which the hydrogen/nitrogen bond configuration changes 

and an isotropic but orientationally disordered BCC phase is obtained unlike most of the 

other plastic crystals which have FCC structure [60]. 
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Figure1- 9The molecule of AMPL [C4H11NO3] with non-hydrogen atoms represented 
by thermal vibration ellipsoids drawn to encompass 50% of their electron density; 
hydrogen atoms are represented by arbitrarily small spheres. [64] 

 

Thermal energy storage materials are crucial elements for the effective utilization of solar 

thermal energy.  Phase change heat storage has larger energy storage density, smaller 

volume expansion requirement of the storage device, higher efficiency, and fixed 

temperature for heat absorption and removal cycle and is advantageous compared to 
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Figure1- 6Orientation of O—H and N—H bonded molecules in the unit cell of AMPL. 
[Hansen‘s Thesis] 

 

sensible heat storage.  Unlike the sensible heat storage method, the latent heat storage 

method provides much higher storage density, with a smaller temperature difference 

between storing and releasing heat. 

 

1.5.    Binary phase diagrams of polyalcohols 

 

Pure organic polyalcohols, so called “Plastic Crystals”, undergo crystallographic changes 

absorbing or releasing large amounts of latent heat at constant transition temperature well 
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below their melting points.  There are relatively few known pure polyalcohols which 

undergo energetic solid-solid phase transitions and have high transition temperatures.  

Therefore, lowering of transition temperatures is important for development of practical 

thermal energy storage materials.  Binary polyalcohols allow adjustment of transition 

temperatures to near or below room temperature.   

 The transition temperatures for polyalcohols range from room temperature to 188ºC with 

the flexibility to vary the transition temperature by changing the composition of a 

particular binary.  There is great potential for passive heating as well as other high 

temperature heat storage systems such as a water heater application.   

 

1.5.1.  Pentaerythritol (PE)-neopentylglycol (NPG) binary phase diagram 

PE and NPG have hydrogen-bonded lattices with layered and chain type low temperature 

structures, respectively are known as model materials.  The phase diagram and the 

transition mechanisms were not known.  This led researchers to study and develop the 

PE-NPG binary phase diagram.  Chandra et al. developed a PE-NPG binary phase 

diagram based on X-ray diffraction and using the “FACT” program.  They reported 

thermodynamic properties such as free energies for solid-solid transformations and 

excess energy for the binaries.  This binary system was shown to exhibit a complex 

behavior with one than one solid-solid phase transition.  Chandra et al [65] observed that 

the β phase (NPG rich side-PE system) transforms to γ at a constant temperature but the 

transition of PE-rich α to γ` varies as a function of temperature.  Their DSC results of the 

NPG rich binaries showed two normal endotherms α→γ` and β→γ and another 

continuous broad endotherm for the α→γ transition in the two phase region.  They 
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proposed that these γ→α transitions are due to changes in the compo sitions and he 

amounts of phases in this binary.  In the PE(rich)-NPG binary, α→γ and β→γ transitions 

occur as expected but the energy stored in the β phase at low temperatures is 

continuously released at a higher temperature due to the γ→α transformation.   Thus 

simple heating of PE-rich binaries results in “Heat Pump” action.  By choosing 

appropriate binary compositions one can select a desirable transition temperature for heat 

storage. 

Barrio et al. [67] developed PE-NPG binary phase diagram in 1990.  They noticed an 

intermediate cubic phase by using x-ray diffraction.  They had developed a They showed 

the existence of two endothermic effects between these temperatures and for molar 

fractions ranging between X=0.05 and X=0.9.  They also found an intermediate cubic 

phase in the PE-NPG binary system.  The invariant temperature (at 343.6K) produced by 

the existence of the new phase was determined by x-ray powder diffraction and thermal 

analysis.  They determined the solubility boundaries between the intermediate cubic 

phase and the adjacent biphasic domains by means of the evolution of the lattice cubic 

parameters with temperatures and, from the study of the thermal expansion coefficients 

of the cubic alloys.  Between 343.6K and about 373K the concentration range of the 

cubic phase was predicted to be very narrow (ranging between 0.12 and 0.13 molar 

fraction of PE at 353K).  When the temperature rises, the concentration domain increases 

and displaces to higher concentrations.  

The PE-NPG binary phase diagram is reported by different groups with significant 

differences in their observations [66, 67, 68].  Barrio et al. [64] reported the existence of 

an intermediate cubic phase.  They reported an invariant temperature as 70.6oC (343.6K), 
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produced by the presence of a new phase.  Teisseire et al. [6868] also developed the PE-

NPG binary phase diagram using calorimetry and x-ray diffraction but they did not notice 

the presence of an intermediate cubic phase as reported by Barrio et al. [64]. 

Tesseire et al. [6868] noted a solid-liquid phase at 165°C (438K) in the PE-NPG system, 

whereas Chandra et al. [69] showed a two phase region consisting of two individual high 

temperature phase regions.  Barrio at al. [64] proposed a PE-NPG phase in the 

temperature range from room temperature to 393K.  They observed invariant equilibria at 

343.6K which does not correspond to the phase diagrams proposed by Tesseire at al. and 

Chandra et al. [67,68].  The PE-NPG phase diagram by Chandra et al. [70

67

] was 

calculated using the FACT Sage program.  There is good agreement between the phase 

diagrams calculated by Chandra et al. and proposed by Tesseire et al. [67 ,6868].  

According to Tesseire et al. a two phase region exists from room temperature to 36°C 

(309K), and a small region on the NPG rich side consisting of a low temperature NPG 

single phase and a high temperature NPG phase [68].  The major difference between the 

two above mentioned phase diagrams are that Tesseire et al. [68] predicted a two phase 

(solid-liquid) region at about 163°C (436K), shown in figure 1-11, whereas Chandra et al. 

predicted the presence of a two phase region consisting of two high temperature solid 

phases belonging to PE and NPG each at the same temperature.  Barrio et al. pointed out 

that since the two substances are isomorphic at high temperatures a new phase might 

appear.  The experimental phase diagram developed by Barrio et al. is shown in figure 1-

12 [64]. 
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Figure 1-7 Experimental phase diagram of PE-NPG system by Tesseire et al.[68] 
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Figure 1-8 Experimental PE-NPG phase diagram by Barrio et al. [64] 
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1.5.2. 2-amino,2-methyl-1,3-propanediol (AMPL)-neopentylglycol (NPG) binary phase 

diagram 

Barrio et et al. [71

Table 1-4Lattice parameters and the volume occupied by the average molecule for the 
pure substances as a function of the mole fraction of NPG [71] 

] determined the AMPL-NPG binary phase diagram by using 

crystallographic and thermodynamic methods.  The phase diagram showed an extensive 

difference in the two phase regions, due to the polymorphism of the twp substances.  The 

AMPL-NPG system is characterized by an invariant at 293K, below which a two phase 

region M1+M2 coexist.  In order to determine the limits of the de-mixing regions for the 

AMPL-NPG, Barrio et al. studied the binary system by X-ray powder diffraction at 318K 

and 353K.  AT 318K they observed a de-mixing region.  They determined the cubic 

parameter for phase C2 as a function of mole fraction which is represented in table x.  The 

table also shows the volume occupied by the average molecule (V/Z) in each lattice.   

 
   Parameters    
X Form a(Å) b(Å) c(Å) β(Å) V/Z(Å3) 
0(AMP) M1 8.617(5) 11.058(5) 6.108(3) 93.56(2) 145.2(7) 
0.02 M1 8.615(6) 11.065(7) 6.115(4) 93.47(2) 145.5(9) 
0.05 M1 8.620(6) 11.065(7) 6.121(4) 93.52(2) 145.7(9) 
SA=0.06 M1 8.622(6) 11.065(5) 6.118(3) 93.49(2) 145.7(7) 
SB=0.52 C2 8.735(11)    166.6(5) 
0.55 C2 8.750(10)    167.5(5) 
0.60 C2 8.768(10)    168.5(5) 
0.70 C2 8.790(10)    169.8(5) 
0.80 C2 8.805(10)    170.7(5) 
0.90 C2 8.815(10)    171.2(6) 
1 (NPG) C2 8.812(8)    171.0(4) 
 

At 353K Barrio et al. [71] noticed a de-mixing region since the pure substances do not 

belong to the same group.  They did the thermal analysis using a differential heat flux 
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calorimeter.  The characteristic temperatures of the transitions were determined using the 

“shape factor method” [72

71

].  The AMPL-NPG phase diagram was created using thermal 

analysis data along with the solubility boundaries from X-ray diffraction.  The main 

characteristics of the phase diagram are the existence of two eutectoids and one eutectic 

invariant.  The motivation for this work for Barrio et al. [ ] was to contribute to the 

establishment of the conditions ruling the solubility in organic binary systems which are 

characterized by the ODIC state.  The first step to determine this is the geometrical 

approach.  This approach requires analysis of the size and shape of the molecules of the 

constituent pure substances.  They calculated the molecular size using the Van der Waals 

radii of the individual atoms and assumed that the molecular distortions due to the 

intermolecular interactions in the lattice are absent.  They suggested that the difference in 

size between NPG and AMPL is about 5%, and that the molecular shape in the formation 

of the molecular alloys plays an important part.  The difference in shape between the AM 

PL and NPG molecules is caused by an NH2 group in AMPL where NPG has a CH3 

group.   Table 1-5 shows the invariant equilibria for AMPL-NPG system developed by 

Barrio et al. [71].  Figure 1-13 shows the AMPL-NPG binary diagram developed by 

Barrio et al. [71]. 

Table 1-5 Characteristic temperatures and corresponding mole fractions of the invariant 
points in the NPG/AMP phase diagram [71] 

                                                    
     

Invariant M E N Temperature (K) 
Eutectoid 0.06 0.54 0.92 293.7 
Eutectoid 0.07 0.46 0.51 325.0 
Eutectic 0.39 0.42 0.44 363.9 

 

X(mole fraction NPG 
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AMPL and NPG are not isomorphic in the high temperature phase, thus implying that the 

miscibility in this phase can only be partial.  Barrio et al. [71] observed the monophase 

domains corresponding to BCC and FCC molecular plastic alloys are quite large.   

Salud et al. also published an AMPL-NPG phase diagram in 1997 [73

 

].  They analyzed 

the phase diagram thermodynamically and concluded that there were some incoherencies 

 

  

Figure 1-9 AMPL-NPG binary phase diagram by Barrio et al. [71] 
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with the phase diagram published by previous authors [71,74

 

].  According to Salud et al. 

[73] these discrepancies arise from the difficulty of accounting for the one and two phase 

low-temperature domains by means of the Gibbs energy functions calculated from the 

high temperature equilibria.  The temperature of the re-established eutectoid invariants 

are 293.7 and 325.0K.  Figure 1-14 shows the AMPL-NPG phase diagram developed by 

Salud et al. [73]. 

1.5.3. PG-AMPL binary phase diagram 

The experimental PG-AMPL binary phase diagram was reported by Salud et al. in 1997 

[73].  They established the phase diagram from room temperature to the liquid state using 

thermal analysis and X-ray powder diffraction techniques.  They discussed the 

intermolecular interactions in the orientationally disordered mixed crystals by analyzing 

the evolution of the packing coefficient as a function of the composition.  They analyzed 

the phase diagram thermodynamically using the enthalpy-entropy compensation theory.  

From the Guinier-Simon patterns, they determined the existence of a two-phase domain 

[M1+Q], the disappearance of the cubic C1 phase, and giving rise to a [M1 + C1] domain.  

At 330K, they noticed the disappearance of the M1 phase.  At X=0.55 (mole fraction PG), 

as the temperature increased, they noticed the transition from [M1+Q] to [Q+C1] at 321K. 

At the same composition in the mixture the C1 phase disappeared and CF appeared at 326-

328K, giving rise to a [Q+CF] two-phase domain.   
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Figure 1-14 AMPL-NPG binary phase diagram by Salud et al. [73] 
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At higher temperatures, transformations of the [Q+CF] domain to [CF] on-phase domain 

(to an orientationally disordered molecular alloy).  They were not able to make a proper 

determination of the transition from plastic crystalline solid to liquid.  Salud et al. [73] 

attribute this to the large differences in vapor pressure.  Determination if these 

characteristics of the phase diagram were made by diffraction as a function of 

temperature.  They also did diffraction at constant temperature because, they wanted to 

determine the existence of close eutectoid invariants, and to delimit the range of the 

[M1+Q] and [C1+CF] two-phase region.   

Tamarit et al. [75] showed that the intermolecular interactions by hydrogen bonds play an 

important role in the orientationally disordered phases.  Salud et al. [73] studied the 

packing coefficient evolution for PG-AMPL and observed that the total number of groups 

able to form hydrogen bonds are equal; two CH2OH groups and one NH2 group in the 

AMPL molecule and three CH2OH groups in the PG molecule.  They also showed that 

the substitution of the molecules did not produce any significant changes in the 

intermolecular interaction scheme.  They also emphasized the relatively high values of 

the packing parameter for the pure compounds as well as for their alloys, which ruled out 

incompatibility between high packing and the existence of orientational [76].  Salud et al. 

[73] used the enthalpy-entropy compensation theory [77] to thermodynamically analyze 

the phase diagram.  Since excess enthalpy data are hard to obtain, they measured the heat 

of melting as a function of the mol fraction for the PG-AMPL system in each solid 

solution domain.  They assumed temperature independent enthalpy form and 

nonexistence of excess values for the liquid solution.  The excess enthalpy for each solid 

solution was obtained by fitting a second-order polynomial to the experimental data.  
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They calculated the phase diagram using the Pro Phase program [78

Table 1-6 Comparison between Experimental (E) and Calculated (C) Invariant Equilibria 
[73] 

].  The resulting 

phase diagram is shown in figure 1-15. Comparison between calculated and experimental 

invariant equilibria is shown in table 1-6. 

Invariant  T(K) XM XN XP 

Eutectoid E 
C 

323.0 
330.0 

0.09 
0.09 

0.43 
0.47 

0.92 
0.92 

Eutectoid E 
C 

330.2 
333.5 

0.44 
0.51 

0.53 
0.54 

0.93 
0.96 

Peritectic E 
C 

413.6 
418.4 

0.40 
0.48 

0.47 
0.53 

0.57 
0.56 

 

 

1.5.4. Pentaglycerine (PG)-Pentaerythritol (PE) Phase Diagram 

Pentaerythritol (PE) and Pentaglycerine (PG) phase was investigated by Barrio et al.[79]. 

Thermal analysis and X-ray Guinier-Simon method was used by the authors to 

characterize PE-PG alloys from room temperature to liquid phase.  The alloys were 

prepared by melting the desired composition in a furnace and slow cooling to room 

temperature.  PE and PG are iso-structural, both at room temperature (body centered 

tetragonal) [80

79

] and high temperature phases (FCC).  Figure 1-16 shows the PE-PG 

experimental phase diagram developed by Barrio et al. [ ]. Low temperature phase of 

PE is 
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Figure 1-10 PG-AMPL binary phase diagram reported by Salud et al. [73] 
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characterized by strong intermolecular hydroxyl hydrogen bonding between molecule 

and eight of its neighbors in a layer parallel to the (001) plane9. The interlayer bonds are 

weak and due to Van der Waals forces.  PG has similar bonding scheme to PE except that 

one link is open25 , due to substitution by -CH2OH group in the PE molecule for a –CH3 

group in the PG molecule.  Symmetry of PG requires the presence of a statically 

disordered molecule since the required site symmetry, 4, is not present in PG molecule as 

in PE.  As reported previously, the crystal to plastic transformation in PE and PG are first 

order transitions. Nitta [81] suggested correlation between the hydrogen bond breaking at 

higher temperatures permitting rotation and molecular vibration leading to plastic phase. 

Benson et al. [82] measured infrared absorption for PE and indicated that all the hydrogen 

bonds are broken at the transition temperature.  Taking into account the enthalpy 

variations for the crystalplastic phase transition in PE in which there are four hydrogen 

bonds for each molecule, the maximum energy value for one bond is about 10 kJmol-1. 

This result also matches the enthalpy variation for the crystal to plastic phase transition in 

PG, in which there are two hydrogen bonds for each molecule on average. Figure 1-16 

shows the experimental phase diagram of PE-PG [79]. 
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Figure 1-16  PE-PG experimental phase diagram [79] 
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The absence of splitting in these reflections (002) and the continuous variation of Bragg’s 

angles with composition suggest total miscibility at 293 K.  It was found that ‘a’ 

parameter of PE showed 0.55% expansion and ‘c’ parameter showed a contraction of 

1.45% throughout the system.  Thus, it was concluded that taking into account the 

estimated error, the system behave as quasi-ideal from a crystallographic point of view. 

The difference in evolution of ‘a’ and ‘c’ is due to strong hydrogen bonds in (001) plane 

and weak interlayer Van de Waals forces. PE-PG phase diagram is characterized by a 

very narrow plastic to liquid domain, which has a maximum width of about 3 K and a 

wide crystal to plastic equilibrium domain with a maximum width of 43 about 44 K for 

the central compositions. Calculated phase diagram is based on Oonk’s method [83

 

] 

which uses the concept of Equal Gibbs Curve (EGC).  The phase diagram shows two 

domains of complete miscibility; one at lower temperature with tetragonal structure and 

another one at higher temperature plastic phase with cubic structure. Finally, the authors 

concluded that the plastic alloys behavior can be considered as ideal 

1.5.5. Pentaglycerine (PG)-Neopentylglycol (NPG) Phase Diagram 

 

Pentaglycerine (PG) and neopentylglycol (NPG) exhibit plastic crystal phases at high 

temperatures in which there is relative loss of order and thus these phases are also known 

as orieintationally disordered crystals (ODIC). The low temperature PG and NPG 

rearrange their molecules into a cubic phase at higher temperatures, where some 

hydrogen bonding which is responsible for the rigid low temperature structure are 

broken. Barrio et al.[84] was the first to propose a phase diagram for the binary mixture 
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of PG-NPG  system. In their work, they used thermal analysis and X-ray powder 

diffraction techniques to characterize the changes taking place in the mixtures.  PG and 

NPG, both may be considered a derivative of pentaerythritol (PE). PG is obtained by 

substituting one –CH2OH group with a methyl (-CH3) group.  In a similar manner, NPG 

involves substitution of two –CH2OH groups with two methyl groups. Phase transitions 

in PG and NPG have been characterized as first order transitions [85,86

81

]. The first 

hypothesis for crystal to plastic transition was made by Nitta [ ] for PE, where he 

proposed that hydrogen bonds which maintain the molecules rigidly in the ordered solid 

crystal phase are broken at the transition temperature permitting the molecular vibration 

and rotation, so that the molecules can be considered as spherical in the plastic form. 

Infrared absorption studies done by Benson et al. [85] further strengthen this argument 

that the – OH stretching vibrations corresponding to hydrogen bond is present in PE, PG, 

and NPG for the low temperature phase.  Upon heating, the vibration frequency band of – 

OH increases at temperature close to the transition temperature.  These shifts are known 

to be characteristic of hydrogen bond breakage.  Based on these facts, same phase 

transformation mechanism can be applied to PG and NPG compounds.  Because of 

chemical bond similarity of PG and NPG with PE, structural studies done on PE can be 

used to investigate these molecules. PG is isostructural with PE (body centered tetragonal 

structure with I4 space group) and same hydrogen bonding is found except one link is 

open in the PG structure.  This means that PG has strong intermolecular hydroxyl 

hydrogen bonding in the layers parallel to the (001) plane [85]. The interlayer bonds are 

weak Van der Waals forces.  The same structural study of NPG also indicates that the 

arrangement of hydrogen bonds around the center of symmetry is similar to that of PE. 



45 
 

For example, the hydrogen bond distance O…O is 2.710 Å in PE 1; 2.714 Å in PG [87] 

and between 2.65 Å and 2.75 Å in NPG [88].  The phase diagram solubility 

boundaries/limits at room temperature were determined from Bragg’s angles variation 

with the concentration of PG. (021) and (011) reflections of monoclinic phase were 

studied.  Using this method, solubility boundary of PG in NPG was established – 0.07 

mol fraction of PG: NPG 0.83PG 0.07 In the same manner, evolution of (002) and (110) 

reflections corresponding to body centered tetragonal phase with respect to concentration 

established the NPG solubility in PG at 0.58 mol fraction of PG; NPG 0.42PG 0.58.  At 

356 K, just above the crystal to plastic phase transition temperature of PG, only cubic 

reflections were recorded.  The DSC pattern at such a point only shows melting which 

signifies complete miscibility.  Figure 1-17 shows the experimental PG-NPG phase 

diagram developed by Barrio et al. [86] 
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Figure 1-17 PG-NPG experimental phase diagram [86] 
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Chapter II  CALPHAD Modeling 

 
In recent years thermodynamic modeling via the CALPHAD method has been 

extensively applied to industrial alloys of many types.  Although pertaining to 

equilibrium conditions, use has shown that valuable information can be gained for a 

variety of practical applications.  In essence, the issues involved in computational 

methods are less diverse and mainly revolve around Gibbs energy minimization.  In 

addition there are “optimization” codes which are used for thermodynamic assessment of 

phase equilibria, thermodynamic properties and the equivalent experimentally measured 

quantities. 

CALPHAD methods attempt to provide a true equilibrium calculation by considering the 

Gibbs energy of all phases and minimizing the total Gibbs energy of the system (G). 

To calculate phase equilibria in a multicomponent system, it is essential to minimize the 

total Gibbs energy of all the phases involved in the equilibrium, 

∑
=

==
p

i
iiGnG

1

φ minimum            (1) 

where ni is the number of moles, and is φ
iG the Gibbs energy of phase i.  

Describing a system thermodynamically requires the assignment of thermodynamic 

functions for each phase.  The CALPHAD approach utilizes a variety of models to 

portray the temperature, pressure, and composition dependencies of the free-energy 

functions of the numerous phases.  The Gibbs energy of a phase j is, 
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),,,(),,(),( 0 xTTGxTpGxTGG CmpT βφφφφ ++=                                    (2) 

where ),( xTGT
φ  is the contribution to the Gibbs energy by the temperature (T) and the 

composition (x), ),,( xTpGp
φ  is the contribution of the pressure (p), and ),,,( 0 xTTG Cm βφ  

is the magnetic contribution of the Curie or Néel temperature (TC) and the average 

magnetic moment per atom ( 0β ).  

The temperature dependence of the concentration term of φ
TG  is usually expressed as a 

power series of T.  

n
n TdTTcTbaG ⋅Σ+⋅⋅⋅⋅+= )ln(                                        (3) 

where a, b, c, and dn are coefficients, and n are integers.  To represent the pure elements, 

the n are typically 2, 3, -1, and 7 or -9 [1

1

].  This function is valid for temperatures above 

the Debye temperature; in each of the equations in the following models describing the 

concentration dependence, the G coefficients on the right-hand side can have such 

temperature dependence. Frequently, only the first two terms are used for the 

representation of the excess Gibbs energy. Dinsdale [ ] also gives expressions for the 

effects of pressure and magnetism on the Gibbs energy; however, pressure dependence 

for condensed systems at normal pressures is usually ignored.  

For multicomponent systems, it is useful to distinguish three contributions from the 

concentration dependence to the Gibbs energy of a phase, φG .  

xsideal GGGG ++= 0φ
                (4) 
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The first term, 0G , corresponds to the Gibbs energy of a mechanical mixture of the 

constituents of the phase; the second term, idealG , corresponds to the entropy of mixing 

for an ideal solution, and the third term, xsG , is the so-called excess term.  Since 

Hildebrand [2] introduced the term "regular solution" to describe interactions of different 

elements in a random solution, a series of models have been proposed for phases that 

deviate from this regularity (i.e., show a strong compositional variation in their 

thermodynamic properties) to describe the excess Gibbs energy. For example, an ionic 

liquid model [3] or associate model [4], among others, have been proposed for liquid 

phases.  For ordered solid phases, Wagner and Schottky [5

A description of order/disorder transformations was proposed by Bragg and Williams [

] introduced the concept of 

defects on the crystal lattice in order to describe deviations from stoichiometry.  

6

The Gibbs energy of a binary stoichiometric phase is given by  

].  

Since then, many other models have been proposed. Today, the most commonly used 

models for disordered phases, and sublattice models for ordered phases having a range of 

solubility or exhibiting an order/disorder transformation.  The following examples give 

descriptions of models for binary phases and can easily be expanded for ternary and 

higher order phases.  

f
BBAA GGxGxG ∆++= 0000φ

             (5) 

where 0
Ax  and 0

Bx  are mole fractions of elements A and B and are given by the 

stoichiometry of the compound, 0
AG  and 0

BG  are the respective reference states of 
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elements A and B, and fG∆  is the Gibbs energy of formation.  The first two terms 

correspond to 0G , and the third term corresponds to xsG . idealG  of  Equation 4 is zero 

for a stoichiometric phase, since there is no random mixing.  

Binary solution phases, such as liquid and disordered solid solutions, are described as 

random mixtures of the elements by a regular-solution type model  

∑
=

−++++=
n

i

i
BAiBABBAABBAA xxGxxxxxxRTGxGxG

0

00 )(}lnln{φ

   (6)
 

where Ax  and Bx  are the mole fractions, and 0
AG  and 0

BG  are the reference states of 

elements A and B, respectively.  The first two terms correspond to 0G  and the third 

term, from random mixing, to idealG  in Equation 4. The iG  of the fourth term are 

coefficients of the excess Gibbs energy term, xsG , in Equation 4. The sum of the terms 

i
BA xx )( −  is the so-called Redlich-Kister polynomial [7], which is the most commonly 

used polynomial in regular-solution type descriptions.  Although other polynomials have 

been used in the past, in most cases they can be converted to Redlich-Kister polynomials 

[8

The most complex and general model is the sublattice model frequently used to describe 

ordered binary solution phases.  The basic premise for this model is that a sublattice is 

assigned for each distinct site in the crystal structure.  For example, the CsCl (B2) 

structure consists of two sublattices, one of which is occupied predominantly by Cs atoms 

and the other by Cl atoms.  An ordered binary solution phase with two sublattices that 

exhibits substitutional deviation from stoichiometry can be described by the expression  

]. 
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where 1
Ay , 1

By , 2
Ay , and 2

By  are the species concentrations of element A and B on 

sublattices 1 and 2 with AAA xyaya =+ 2211 , BBB xyaya =+ 2211 , 111 =+ BA yy   and 

122 =+ BA yy .  1a  and 2a  are the site fractions of the sublattices 1 and 2 and are given by 

the number of sites in the unit cell. The first two terms correspond to 0G , and the third 

term corresponds to idealG  in.  The remaining terms are the excess Gibbs energy term,

xsG .  The coefficients 0
AAG , 0

ABG , 0
BAG , and 0

BBG , can be visualized as the Gibbs energies 

of the end-member phases.  The end-member phases are formed when each sublattice is 

occupied only by one kind of species and can be either real ( 11
aa BA : A atoms on sublattice 

1 and B atoms on sublattice 2) or hypothetical ( 21
aa AA , 21

aa AB , and 21
aa BB ).  The remaining 

terms of xsG  describes interactions between the atoms on one sublattice similar to 

regular-solution type models for disordered solution phases.  This model description was 

first introduced by Sundman and Ågren [9] and later refined by Andersson et al. [10

For the treatment of order/disorder transformations with this model, the coefficients in 

Gxs are not independent of each other. For example, Ansara et al. [

].  

11] derived 

dependencies for the order/disorder transformation of fcc/L12.  This model was later 
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modified by Ansara et al. [12] to allow independent evaluation of the thermodynamic 

properties of the disordered phase. Chen et al. [13

The generality of the sublattice description allows the formulation of a general 

description for multicomponent phases that can easily be computerized.  Lukas et al. [

] have proposed another model for the 

treatment of ordered phases.  

8] 

give an example of a description.  

From the condition that the Gibbs energy at thermodynamic equilibrium reveals a 

minimum for given temperature, pressure, and composition, J.W. Gibbs derived the well-

known equilibrium conditions that the chemical potential, φµn , of each component, n, is 

the same in all phases, φ 

φ

φ

µµµ
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The chemical potentials are related to the Gibbs energy by the well known equation  

∑
=

=
n

i
ii xG

1
µ          (9)  

Equation 8 results in n nonlinear equations that can be used in numerical calculations.  

All of the CALPHAD-type software tools use methods like the two-step method of 

Hillert [14 8] or the one-step method of Lukas et al. [ ] to minimize the Gibbs energy.  The 

equations obtained from these methods are usually nonlinear and are solved numerically 

using a Newton-Raphson technique.  
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2.1. Determination of the coefficients 

The coefficients of the Gibbs energy functions are determined from experimental data for 

each system.  In order to obtain an optimized set of coefficients, it is desirable to take into 

account all types of experimental data (e.g., phase diagram, chemical potential, and 

enthalpy data).  The coefficients can be determined from the experimental data by a trial-

and-error method or mathematical methods.   The trial-and-error method is only feasible 

if few different data types are available.  This method becomes increasingly cumbersome 

as the number of components and/or the number of data types increases.  In this case, 

mathematical methods, such as the least squares method of Gauss [15], the Marquardt 

method [16], or Bayesian estimation method [17

 

], are more efficient.  The determination 

of the coefficients is frequently called assessment or optimization of a system.  

2.2. Higher component systems 

A higher component system can be calculated from thermodynamic extrapolation of the 

thermodynamic excess quantities of the constituent subsystems.  Several methods exist to 

determine the weighting terms used in such an extrapolation formula.  

 Hillert [18] analyzed various extrapolation methods and recommended the use of 

Muggianu's method [19
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] since it can easily be generalized.  The Gibbs energy of a 

ternary-solution phase determined by extrapolation of the binary energies using 

Muggianu's method is given by  

      (10)
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where the parameters ik
iG  have the same values as in Equation 6 for each of the binary 

systems. If necessary, a ternary term Ax , ,Bx ,Cx ),( xTG ABC  can be added in order to 

describe the contribution of three element interactions to the Gibbs energy.  

The usual strategy for assessment of a multicomponent system is shown in Figure 1.  

First, the thermodynamic descriptions of the constituent binary systems are derived.  

Thermodynamic extrapolation methods are then used to extend the thermodynamic 

functions of the binaries into ternary and higher order systems.  The results of such 

extrapolations can then be used to design critical experiments.  The results of the 

experiments are compared to the extrapolation, and if necessary, interaction functions are 

added to the thermodynamic description of the higher order system.  As mentioned 

previously, the coefficients of the interaction functions are optimized on the basis of these 

data.  In principle, this strategy is followed until all 2, 3,... n constituent systems of an n-

component system have been assessed.  However, experience has shown that, in most 

cases, no corrections or very minor corrections are necessary for reasonable prediction of 

quaternary or higher component systems.  Since true quaternary phases are rare in 

metallic systems, assessment of most of the ternary constituent systems is often sufficient 

to describe an n-component system.  

2.3. Improved Capabilities 

One goal of the CALPHAD group is to generate descriptions of binary, ternary, and 

quaternary systems that can be used for the construction of thermodynamic databases.  

Thermodynamic databases of multicomponent systems require consistency in the model 
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descriptions and the parameters used.  With the constant improvement of computational 

technology, the use of more realistic models, such as the sublattice model description, 

becomes feasible.  This allows more accurate descriptions of complex systems and makes 

it desirable to reassess systems that have been previously assessed.  

The progress that has been made with these reassessments is shown in Figure 2-1 for the 

Al-Ni system, a basic system for superalloys. In the first assessment of Kaufman and 

Nesor, [20] the phases were either described as disordered solution phases [liquid, (Al), 

(Ni), and AlNi] or as stoichiometric compounds (Al3Ni, Al3Ni2, and AlNi3). The (Al) and 

(Ni) phases were described as one phase since they both have the fcc structure. Although 

the general topology of the experimentally determined phase diagram [21

In the second assessment by Ansara et al., [11] the sublattice-model description was 

introduced for the ordered phases with noticeable homogeneity ranges (Al3Ni2, AlNi, and 

AlNi3).   

] is reproduced, 

major differences occur for the equilibria involving the Al3Ni2 and AlNi phases. These 

differences are at least partially a result of ignoring the homogeneity range of the Al3Ni2 

phase and not considering the fact that AlNi is an ordered phase with CsCl structure.  

http://www.tms.org/pubs/journals/JOM/9712/Kattner-9712.html#Figure2�
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Figure 2-1 Different assessments of the Al-Ni system showing the progress made with 
the CALPHAD method: (2a) a 1978 assessment by Kaufman and Nesor, [20] (2b) a 1988 
assessment by Ansara et al. [11] (2c) a 1997 assessment by Ansara et al. [12] and (2d) the 
evaluated experimental diagram [21].  

The disordered fcc phase [(Al) and (Ni)] and the ordered L12 phase (AlNi3) were 

described with a single free-energy function as one phase that undergoes an 

order/disorder transformation.  While the phase diagram calculated from these improved 

analytical descriptions shows better agreement with the observed diagram, some 

noticeable disagreement still remains.  The range of the (Al) solid solution is 

overestimated, and the region of single-phase AlNi3 slants to the nickel-rich side at lower 

temperatures.   Both problems likely result from describing all of these phases with the 

single function.  It should be also noted that the region of single-phase Al3Ni2 is 

overestimated at higher temperatures and underestimated at lower temperatures.  This 
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may be caused by the substitutional sublattice model description used in this assessment.  

It has been experimentally observed that on the nickel-rich side of the nominal 

stoichiometry, nickel atoms fill structural vacancies; on the aluminum-rich side, nickel 

atoms are substituted by aluminum.  

This has been considered in the most recent assessment by Ansara et al., [12] who also 

modified the model for the description of the order/disorder transformation mentioned 

above.  This assessment also includes a description of the Al3Ni5 phase as a 

stoichiometric compound, though its homogeneity range has been ignored.  The phase 

diagram obtained from this assessment is in very good agreement with the observed 

diagram.  It should be noted that the calculated phase diagram not only reproduces the 

experimentally observed phase diagram, but also provides the thermodynamic functions 

for extrapolation into higher order systems or use in the modeling of, for example, casting 

solidification.  

A disadvantage of this iterative process with improved descriptions is that the 

descriptions used in previous assessments may be incompatible with newer assessments 

that are based on recently developed model descriptions.  Despite this, significant 

progress has been made in recent years, and an increasing number of databases have 

become available for use with multicomponent systems.  

2.4. Computer software tools and databases 

A variety of software packages can be used for the calculation of phase diagrams, making 

it impossible to list all of them here. Frequently used software packages are ChemSage 

http://gttserv.lth.rwth-aachen.de/~sp/tt/chemsage/cs_bro.htm�
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[22 8], the so-called Lukas programs [ ,15] , MTDATA [23 Thermo-Calc] and  [24

ChemSage

].  

Although all of these software packages can be used for the calculation of phase 

equilibria, their features and user interfaces differ.  Most of the model descriptions used 

for alloy and ceramic systems are common to all these programs; however, not every 

package has other specific model descriptions (e.g., models for aqueous or polymer 

solutions).  Another important feature of these software packages is the availability of a 

module for the optimization of the Gibbs energy functions.  Such optimizing modules are 

available with  [25 15], the Lukas programs [ ], and Thermo-Calc [26

For the incorporation of phase-equilibria calculations into micromodeling (e.g., the 

modeling of diffusion processes), an interface must be created in which the important 

variables are transferred from one computer code segment to another.  For the simulation 

of diffusional reactions, 

].  

Thermo-Calc [26] has been interfaced with the package DICTRA 

[27 Thermo-Calc]. A general interface (TQ interface) is available for  and ChemSage 

[28

2.4.1. The Lukas program 

].    

The Lukas program is one of the first dedicated optimizing programs for use by 

CALPHAD users.  The two main forms of the program available are BINGSS and 

TERGSS, which are applicable to binary and ternary systems respectively.  The original 

code involved the use of a Gaussian least-squares method (Zimmerman 1976) but later 

versions also include a method used by Marquardt (1963).  The program separates the 

experimental measurements into three distinct types: calorimetric measurements (usually 

enthalpies), EMF and vapor pressure measurements (partial Gibbs energies), and phase 

diagram information.   

http://www.npl.co.uk/npl/cmmt/mtdata/mtdata.htm�
http://www.met.kth.se/xtc/tc.html�
http://gttserv.lth.rwth-aachen.de/~sp/tt/chemsage/cs_bro.htm�
http://www.met.kth.se/xtc/tc.html�
http://www.met.kth.se/xtc/tc.html�
http://www.met.kth.se/xtc/tc.html�
http://gttserv.lth.rwth-aachen.de/~sp/tt/chemsage/cs_bro.htm�
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For calorimetric measurements these equations are governed by the number of phases 

involved and the temperature of the measurement.  If one phase only is programmed, the 

measured value describes the heat of formation of a phase from it pure components.  As 

the enthalpy of the pure components is defined before the optimization takes place, there 

is only one unknown.  The equation of error for two phases applies to enthalpies of 

melting and transformation.  In such a case there are two unknowns; which are the 

enthalpies of the phases involved in the transformation.  Enthalpy changes involving 

three phases can also be considered.  For example, the enthalpy changes on mixing two 

liquids of different compositions.  In this case the enthalpy of the two original liquids and 

the final liquid are needed. 

For phase diagrams, a phase boundary is one end of a tie-line and, therefore, is dependent 

on the phase which exists at the other end of the tie-line.  In a binary system, two 

independent measurements are therefore needed to define the tie-line.  Ideally it would be 

desirable to have two compositions as independent variables giving rise to two 

independent equations error.  The Lukas program does this by making two equations but 

where the dependence of error on one of the measurements is weak.  This is important if 

two concentrations have different accuracies.   

EMF and vapor pressure measurements are dependent on the temperature, the number of 

phases involved and, importantly, the reference state of the component.  The problem 

with the reference state is important as experimentally stated values of partial Gibbs 

energies will be dependent on this value.   
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Once the equations of errors are defined, “weighing factors”, in terms of estimated 

accuracy of the experiment, are included.  These are either taken as the accuracy of the 

corresponding measurement estimated by the person doing the optimization.  The error is 

then divided by these weighting factors to provide a dimensionless relative error for all 

types of experimental measurement.  In addition to this, the sensitivity of the, measured 

value of changes in temperature and composition are considered.   

If the Lukas program is run with all experimental data, including reasonable estimates for 

accuracy, it performs its fitting operation by assuming that errors arise from random 

effects rather than systematic inaccuracies.  Systematic errors can be taken into account 

in at least two ways.  Firstly, it is possible to ignore the particular experiments 

completely, and there is a command in the program which allows this to be done.  

Secondly, the estimated experimental error can be increased by increasing the 

corresponding value in the data file which contains the experimental information.  Both 

routes emphasize that a purely mathematical approach to optimization is usually not 

possible and some form of personal judgement is required. 

2.4.2. Thermo-Calc 

Thermo-Calc is a powerful and flexible software and database package for all kinds of 

phase equilibrium, phase diagram and phase transformation calculations and 

thermodynamic assessments; with its application-oriented interface, many types of 

process simulations can also be performed.  It has been developed for complex 

heterogeneous interaction systems with strongly non-ideal solution phases [29,30] and 

can be applied to any thermodynamic system in the fields of chemistry, metallurgy, 
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material science, alloy development, geochemistry, semiconductors etc. depending on the 

kind of database it is connected to.  It is based on the work of Mats Hillert [31] and 

makes use of a very general algorithm to find the equilibrium state of a system.  The 

implementation of these ideas was made by Bo Jansson and is described in his thesis 

[32

For diagram calculations the facility that each condition is set separately and that any 

condition can be used as axis variable means that Thermo-Calc can calculate innumerable 

types of diagrams.  Thermo-Calc was designed originally for multi-component systems 

and all its facilities are available for systems with up to 40 components. 

].  This technique allows much more flexibility for the user setting the external 

conditions for his equilibrium state than any other thermodynamic software.  Thermo-

Calc is for example the only software that allows explicit conditions on individual phase 

compositions or configuration whereas most software can handle conditions on the 

overall composition only.  For example, activities and chemical potentials of the 

components, volumes, enthalpies, entropies etc can also be set as conditions.  Many 

quantities that must be calculated by so called “target calculations”, i.e. a double 

minimization procedure, with other software can be calculated directly and much faster 

with Thermo-Calc.  The flexible way to set conditions is particularly useful when 

Thermo-Calc is used as a subroutine package in application programs, for example in 

microstructure evolution or process simulations. 

Thermo-Calc can use many different thermodynamic databases, especially those 

developed by SGTE.   

General Databases with data for compounds and solutions include: 
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- SSUB: SGTE Substances database. Data for 5000 condensed compounds or gaseous 

species. 

- SSOL: SGTE Solutions database.  A general database with data for many different 

systems covering 78 elements and 600 solution phases. 

- BIN: SGTE Binary Alloy Solutions database. 

There are also other commercially available databases for specific alloy systems, eg. 

TTAl (aluminium), TTMg (magnesium), TTNi (Ni-based superalloys), TCFe (steels and 

ferritic alloys), TTTi (titanium) and SNOB (Spencer’s Nobel Metals database). 

 

2.4.3. Modules in Thermo-Calc 

Thermo-Calc consists of several modules for specific purposes and the various tasks the 

user may be interested to perform. The TDB module is used for retrieving databases or 

data files.  The GES module is used for listing system information and 

thermodynamic/kinetic data, or interactively manipulating and entering such data.  The 

POLY module can calculate various complex heterogeneous equilibria, and its post 

processor, the POST module; makes it possible to plot many kinds of phase diagrams and 

property diagrams.  The PARROT module provides a useful and flexible tool for data 

evaluation and assessment of experimental data. The TAB module tabulates various 

properties for pure substances or mixtures or chemical reactions.  Some special easy-to-

use modules are also available within Thermo-Calc, which just require rather simple 

responses to some questions for performing certain types of calculation or simulation. 

The BIN and TERN modules are designed to plot phase diagrams and property diagrams 

for various binary and ternary systems respectively. 
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The POT module is used to illustrate gas speciation and partial pressures in gas-bearing 

interaction systems.   The POURBAIX module is used to plot pH-Eh and other aqueous 

property diagrams for heterogeneous interactions involving complex aqueous solutions. 

The SCHEIL module is designed to simulate solidification processes where no kinetic 

description is needed, using the Scheil-Gulliver model.  The REACTOR module is used 

to simulate mass transfer and energy transport in multi-staged steady-state processes.  

Thermo-Calc employs many comprehensive thermodynamic models for various materials 

and interfaces with a wide spectrum of assessed and validated databases for specific 

material systems.  Thermo-Calc forms the basis for some other thermodynamic/kinetic 

software systems.  The DICTRA program [33,34

2.5. Assessment Technique  

] described later on, is specially 

designed for simulating various diffusion-controlled phase transformation process 

 

The assessment methodology involves a critical assessment of the available literature.  

Since a system may be reassessed several times by the same user, it is very important to 

document the decisions made to optimize the work.  The process of reassessing a system 

becomes easier if an assessment logbook is maintained.  By combining the data available 

in literature with thermodynamic models, an analytical description is created and 

determination of adjustable model parameters is often done using the least-squares 

method.  This technique is called an optimization.  However, the least-squares method 

works well only if the scatter of experimental data is completely random.  Non-randomly 

distributed deviations of some data may completely destroy the utility of the least-square 

method.  They must be classified as systematic errors and excluded from the 
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optimization.  Therefore subjective judgements are required and decisions have to be 

taken on the selection of data during the optimization.  A schematic if an assessment 

procedure is shown in figure 2-2 [35

 

]. 

2.5.1. Literature search 

The first step of the optimization process is the literature search.  It is very important to 

consider all the data that are available, so as to contribute to the optimization.  Sometimes 

original data may contain more information than reported in tables and curves.  The 

additional information can, however, still be extracted from the reported data, if the 

experimental method is well described in the publication.  Experimental data here can be 

described as thermodynamic data; which include enthalpies, chemical potential 

measurements obtained by vapor pressure methods, etc., or phase diagram data (thermal 

analysis, metallography, X-ray diffraction, solidification-path experiments), crystal 

structure data, etc.   

2.5.2. Analysis of experimental data 

After data collection from literature, a good review of the system must be made.  At thi 

stage contradictory data sets may be noticed.  These are most obvious when different 

values are reported for the same quantity (e.g. contradictory points of a solvus line of a 

binary system).  It is impossible to give a general rule on how to select the best one of 

several contradictory sets of measurements.  Contradictions between quantities obtained 

from different data sets maybe undetectable before running an optimization, but found  

after the first trials.  For values such as temperature of invariamt equilibria and standard 

enthalpies of formation, the best value for each of these quantities should be selected.   
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2.6. The PARROT program 

The PARROT program is integrated into the Thermo-Calc software package.  With the 

PARROT program, it is possible to fit thermodynamic model parameters to all kinds of 

experimental information that can be measured at equilibrium, stable or metastable.  Any 

kind of model parameter can be optimized, including magnetic and pressure-dependent 

parameters, in all models that have been implemented in the Gibbs Energy System 

(GES), which is also a part of Thermo-Calc.  A special version of PARROT, can also 

optimize mobilities and activation energies for diffusion. 

PARROT is not limited to binary systems but can handle experimental information for 

systems with up to twenty components.  In practice systems with more than five 

components have never been used in an assessment and in most of these cases binary and 

ternary parameters only were adjusted t fit the multicomponent information.  PARROT is 

a fully interactive program.  It is possible to give all information about the system to be 

assessed directly from the keyboard to the program, but it is recommended that the user 

start by creating a number of text files for data and commands, of which the most 

important are the setup file and the experimental file.  PARROT has a main module for 

manipulating the optimizing conditions and a special EDIT-EXPERIMENT module for 
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Figure 2-2 Schematic of CALPHAD assessment methodology [35]. 
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manipulating each individual experimental equilibrium. 

 

2.6.1. The use of PARROT 

The assessor has to prepare a number of files that will be used during the assessment: 

• POP file with experimental data, 

• SETUP file with models and known and unknown parameters, 

• EXP file with experimental data to be plotted, and 

• MACRO files for quick calculation of various diagrams. 

A simple description of the assessment can be described as follows: 

1. Preparation of SETUP and POP and EXP file with a text editor  

2. Starting PARROT and running the SETUP file once to create the work file 

usually called the PAR since its extension is “.PAR”.  The PAR file is machine-

dependent and cannot be read by a text editor.  It can be manipulated only trough 

the PARROT module.  The PAR file always contains the last results and is 

automatically updated whenever it is used in PARROT.  Whenever a user wants 

to “freeze” a reasonable set of model parameters but perhaps continue trying to 

change the weightings or set of model parameters, it is advisable to make a copy 

of the PAR file. 

3. Compilation (COMPILE) of the POP file inside the PARROT module.  The 

experiment data will be stored on the PAR file.  

4. Selection of variables to optimize. 
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5. SET-ALTERNATE-MODE ON and optimize all equilibria until they have 

converged. 

6. RESCALE the variables to set the start values to the final values. 

7. Optimization and rescaling until no more changes occur. 

8. SET-ALTERNATE-MODE OFF. 

9. Calculation of diagrams and comparing the results with experimental data.  This 

should be done whenever needed.  The sum of errors is not a sufficient measure of 

the overall fit.  A MACRO file should be used to calculate several diagrams. 

10.  Using the EDIT-EXPERIMENT module to COMPUTE-ALL equilibria.   Some 

equilibria might not converge or may converge to results far away from the 

experimental data.  Experimental data that cannot be calculated should have SET-

WEIGHT zero.  SAVE when finished with EDIT module. 

11. Optimizing the variables zero times and checking the errors, using the LIST-

RESULT command.  This output will provide an overview of the current fit to all 

experimental data.   

12. Optimizing and rescaling the variables until the calculation have converged.  

Some variables may be very large or very small.  This may be due to lack of 

experimental information.  The number of optimized variable may have to be 

increased or decreased.   

13. Optimization may have to be carried out in “parts”, keeping the variables for 

some phases fixed and optimizing others with respect to selected sets of 

experimental data.  The selections of experiments can be made in the EDIT 

module. 
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14. Several iterations might be necessary before the user is satisfied with the results.  

Various models have to be tried out for the phases and various numbers of 

variables for each phase. 

15. A final optimization has to be carried out with all variables and all experiments 

with selected weightings. 

 

2.6.2. The POP file 

Experimental data on a system, taken form literature or measured by the assessor, should 

be written onto a file called “POP file”.  The experimental equilibria and measurements 

are described with POLY commands, with some additional features.   

The POP file is a very important form of documenting experimental data for a system.  

The POP file is intended to be self documenting and readable both to a human and  to the 

computer.  The experimental data are described independently of the models selected for 

the phases.  It is possible to use the same POP file to assess a system using different 

models for the phases.  It is not uncommon that a system must be reassessed some years 

later when new information is available.  Since, the reassessment may be done by 

someone other than the original user; the POP file should be informative and well 

documented.   

 

2.7. Thermodynamic Models for Solution Phases 
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Thermodynamic modeling of solution phases is the crux of CALPHAD method.  

Calculations involving purely stoichiometric phases are very rare.  Solution phases are 

defined as any phase in which there is solubility of more than component, and can be 

broken down to : (1) random substitutional, (2) sublattice, (3) ionic, and aqueous.  These 

are the four major types which are currently available in CALPHAD software programs.  

For all solution phases the Gibbs energy is given by the general formula 

xs
mix

ideal
mix GGGG ++= 0

                    (11) 

where 0G  is the contribution of the pure components of the phase to the Gibbs energy, 

ideal
mixG  is the ideal mixing contribution and xs

mixG is the contribution due to non-ideal 

interactions between the components (Gibbs energy of mixing). 

The random substitutional and sublattice models are closely related, as a phase with 

randomly occupied atoms on all sites can technically be considered as a phase containing 

a single sublattice and mathematically the same general equations used in both cases.  

 2.7.1. Stoichiometric compounds 

The internal Gibbs energy of a pure species or stoichiometric compound is given by 

),(),(),( PTPTPT TSHG −=                          (12) 

where  ),( PTH  and ),( PTS  are the enthalpy and entropy as a function of temperature and 

pressure.  Thermodynamic information is usually held in the databases using some 

polynomial function for the Gibbs energy which, for the case of the Scientific Group 

Thermodata Europe, is of the form  
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                 (13)
 

The left hand side of the equation is defined as the Gibbs energy relative to a standard 

element reference state (SER) where SER
mH  is the enthalpy of the element or substance in 

its defined reference state at 298.15K, a , b ,  c , nd  are coefficients and n represents a set 

of integers, typically taking the values if 2, 3 and -1.   

2.7.2. Random Substitutional Models 

Random substitutional models are used for phases such as the gas phase or simple 

metallic liquid and solid solutions where components can mix on any spatial position 

which is available to the phase.  For example, in a simple body-centered cubic phase any 

of the components could occupy any of the atomic sites which define the cubic structure. 

In a gas or liquid phase the crystallographic structure is lost, but otherwise positional 

occupation of the various components relies on random substitution rather than any 

preferential occupation of site by any particular component.   

 

2.7.3. Simple mixtures 

2.7.3.1. Dilute solutions 

There are a number of areas in materials processing where low levels of alloying are 

important, for example in refining and some agehardening processes.  In such cases it is 

possible to deal with solution phases by dilute solution models.  These have the 
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advantage that there is a substantial experimental literature which deals with the 

thermodynamics of impurity additions, particularly for established materials such as 

ferrous and copper based alloys.   

In a highly dilute solution, the solute activity coefficient (ai) is found to closely match a 

linear function of its concentration (xi).  In its simplest form the activity can be defined as 

i
o
ii xa γ=                                                                          (14) 

where o
iγ  is the value of the activity coefficient of i at infinite dilution.  This is known as 

Henry’s law.  The partial free energies can be depicted as 

ie

xs
i xRTGG log+=                                                          (15) 

where  
xs
iG  has a constant value in the Henrian concentration range and can be obtained 

directly from o
iγ .  The expression can also be modified to take into account interactions 

between the solute elements  and the above equation can be written as 

∑++=
j

j
j

iie

xs
ii xRTxRTGG εlog

                                (16)
 

where xi is the concentration of solute i and j
iε  is an interaction parameter taking into 

account the effect of mixing of component i and j in the solvent.   

2.7.3.2. Ideal solutions 

An ideal substitutional solution is characterized by the random distribution of 

components on a lattice with an interchange energy equal to zero.  The entropy due to 
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configuration is easily calculated and is related to the probability of interchange of the 

components.  The configurational entropy Sconf
  is given by 

Pe
conf WkS log=                                                                  (17) 

where k is Boltzmann’s constant and WP is the number of components in the system. For 

one of the components N  is equal to Avogadro’s number.  From Strilng’s formula, Sconf  

can be 

N
n

nkS i
e

i
i

conf log∑−=
                                                       (18)

 

The ideal molar entropy of mixing is then given by 

∑−=
i

iei
ideal
mix xxNkS log

                                                  (19)
 

where xi is the mole fraction of component i.  With the assumption that the interchange 

energy is zero it is possible to substitute the atoms without changing the energy of that 

state and ideal mixing can be described as 

∑=−=
i

iei
ideal
mix

ideal
mix xxRTTSG log

                                      (20)
 

where R is the gas constant.  The Gibbs energy of an ideal solution phase will then be 

ie
i

i
i

o
iim xxRTGxG log∑∑ +=

                                       (21)
 

where o
iG  is the Gibbs energy of the phase containing the pure component i. 
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2.7.3.3. Non-ideal solutions; regular and non-regular solution models 

The regular solution model is the simplest of the non-ideal models and basically 

considers that the magnitude and sign of interactions between the components in a phase 

are independent of composition.  Assuming the total energy of the solution (Eo) arises 

from only nearest-neighbors bond energies 0E in a system A-B then 

ABABBBBBAAAA EEEE ωωω ++=0                                                 (22) 

where AAω , BBω , ABω , AAE , BBE  and ABE  are the number of bonds and energies 

associated with the formation of different bond types AA, BB and AB.  If there are N 

atoms in solution and the co-ordination number of the nearest neighboring atoms in the 

crystal structure is z, the number of bond types being formed in a random solution is 

BAAB

BBB

AAA

xNzx

Nzx

Nzx

=

=

=

ω

ω

ω

2

2

2
1
2
1

                                                                           (23)

 

where xA and xB are the mole fractions of A and B.   

If the reference states are taken as A and B, then enthalpy of mixing is given by 

)2(
2 BBAAABBAmix EEExxNzH −−=

                                              (24)
 

If the bond energies are temperature dependent there will also be excess entropy of 

mixing leading to the regular solution model for the Gibbs excess energy of xmixing 
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Ω= BA
xs
mix xxxG                                                                                    (25)                                                       

where Ω  is temperature dependent interaction parameter.  When added to Gibbs energy 

of an ideal solution phase the equation becomes; 

∑∑∑∑
>

Ω++=
i j

ijji
i

iei
o
i

i
im xxxxRTGxG

1
log

                                   (26)
 

However, the assumption of composition-independent interactions is too simplistic.  This 

led to the development of the sub-regular solution model, where interaction energies are 

considered to change linearly with composition.  The following expression for xs
mixG is 

then obtained as (Kaufman and Bernstein 1970).   

)( j
j
iji

i
ijji

xs
mix xxxxG Ω+Ω=                                                                (27) 

A general formula in terms of a power series provides the capability to account for most 

types of composition dependence (Tomiska 1980).  The most method is based on the 

Redlich-Kister equation, and the above equation can be expanded to 

∑∑ ∑∑ ∑
>

−Ω++=
i j v

v
ji

v
ijji

i i
iei

o
iim xxxxxxRTGxG

1
)(log

              (28)
 

where v
ijΩ is a binary interaction parameter dependent on the value of v.  The above 

equation for xs
mixG  becomes regular when v=0 and sub-regular when v=1.  In practice the 

value of v does not rise above 2. 

The above equation assumes ternary interactions to be small in comparison to those 

which arise from the binary terms.  This may not always be the case and where evidence 
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for higher-order interactions is evident these can be taken into account by a further term 

of the type ijkkjiijk LxxxG = where ijkL an excess ternary interaction parameter.   

 

2.8. The extrapolation of Gibbs excess energy to multi-component systems 

Most methods of extrapolating the thermodynamic properties of alloys into multi-

component systems are based on the summation of the binary and ternary excess 

parameters.  Three main methods are proposed to demonstrate this principle. 

Muggianu’s equation 

In this circumstance the excess energy in a multi-component system expands to 

))(())(())(( 101010
CAACACCACBBCBCCBBAABABBA

xs
mix xxLLxxxxLLxxxxLLxxG −++−++−+=

 

Kohler’s equation 

In the Kohler equation (Kohler 1960) xs
mixG  is described by 
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Toop’s equation 

Both the Muggianu and Kohler equations can be considered symmetrical as they treat the 

components in the same way and do not differentiate between them.  Toop’s equation is 

essentially different in that it considers one of the binary systems does not behave the 

same way as the others and the extrapolation is based essentially on two of the binaries 

having identical mole-fraction products with the mole-fraction products of the third being 

different.  For a sub-regular solution Toop’s equation breaks down to  


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The geometrical representation of the Muggianu, Kohler and Toop equations is best 

summarized using the figure 2-3. 

 

Figure 2-3. Geometrical constructions of (a) Muggianu, (b) Kohler and (c) Toop models 
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Chapter III  Ternary phase diagram calculations of 

pentaerythritol(PE)-pentaglycerine(PG)-neopentylglycol(NPG) 

system 
 

Summary 

The pentaerythritol(PE)-pentaglycerine(PG)-neopentylglycol(NPG) ternary system has 

been thermodynamically assessed using the CALPHAD method and Thermo-Calc 

software. The PE-PG, PG-NPG, PE-NPG binary systems have also been calculated 

using CALPHAD on the basis of reported binary experimental data.    The solution 

phases are modeled as substitutional solutions, in which the excess Gibbs energies are 

expressed by the Redlich-Kister-Muggianu polynomial.  The PE-NPG binary phase 

diagram was modeled using Henrian solution model, and the liquid phase was assumed 

ideal.  The PG-NPG system was optimized using regular and sub-regular solution 

models and show invariant equilibria at 298K.  The PE-NPG binary system was 

calculated from room temperature to the liquid phase temperatures.  The modeled phase 

diagrams and the experimental data are in good agreement.  A set of self consistent 

thermodynamic parameters formulating the Gibbs energies of various phases in the PE-

PG-NPG ternary system are obtained in the present work.  Thermodynamic properties, 

several vertical and isopleth sections have been calculated and are in good agreement 

with experimental data. 
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3.1. Introduction 

Increasing global energy demands, and depletion of available energy resources, warrant 

the need for alternate energy solutions. In many parts of the world, direct solar radiation 

is considered to be one of the most prospective sources of energy. Solar energy is 

available only during the day, and hence, its accrual requires efficient thermal energy 

storage so that the excess heat collected during sunshine hours may be stored for later use 

during the night. Amongst the solid-solid heat storage materials, the most promising heat 

storage materials are organic polyalcohol globular molecular crystals (with orientational 

disorder in the energy storing phase) that are being studied as potential passive thermal 

energy storage materials. These are sometimes referred to as “plastic crystals’ and 

undergo crystallographic changes, absorbing or releasing large amounts of solid state 

latent heat at temperatures well below their melting points. The main property of these 

advanced materials is energetic solid-solid phase transitions, rather than solid-liquid 

phase transitions, which make them potential candidates for dry walls and Trombe walls 

and other thermal energy storage applications.  There are relatively few known 

polyalcohols that have energetic solid-solid transitions typically well above room 

temperature. To develop practical thermal energy storage materials, adjustment of phase 

transition temperatures is achieved by using binary and ternary combinations of these 

materials. In the past binaries have been used to lower the solid-solid phase transition 

temperatures, more recently ternaries are being explored for this purpose. NPG 
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(neopentylglycol, C5H12O2), PE (pentaerythritol, C5H12O4), TAM (trihydroxymethyl-

aminomethane, C4H11O3N) etc. are extensively studied among the polyalcohols [1-9].  

Timmermans [10] reported observing very small entropy of fusion in these organic 

crystals, and classified them as globular molecules with symmetry around the center of 

rotation, similar to a sphere of rotation around an axis in cyclohexane.  These molecules 

undergo phase transformations from a layered or chained low temperature structure to 

orientationally disordered isotropic high temperature cubic phase (plastic phase) [10-12].  

Examples of these ‘plastic crystals’ include pentaerythritol [PE: C(CH2OH)4], 

pentaglycerine [PG: (CH3)C(CH2OH)3], neopentylglycol [NPG: (CH3)2C(CH2OH)2], 

tris(hydroxymethyl)aminomethane [TRIS: (NH2)C(CH2OH)3], and 2-amino -2methyl-

1,3, propanediol [AMPL: (NH2)(CH3)C(CH2OH)2].  

The molecular structures of PE, PG and NPG are shown in Figure 3-1.  Nita et al. 

determined crystallographic properties of PE in 1938 [13].   Eilerman et al. [14] also 

reported several important crystallographic details.  Chandra et al. determined high 

temperature structural details of PE and NPG using Guinier diffraction system [15, 16].  

 

 Figure 3-1. Molecular structures of PE, PG and NPG 
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To adjust the phase transition temperature to suit particular applications binary or ternary 

solid solutions of these compounds are required [8].  Mixtures of polyalcohols 

undergoing solid-solid phase transitions have been studied by Benson et al. [3] primarily 

to determine the effect of mixing on the transition temperatures.  A comparative study of 

thermal energy storage capacity of PE-PG, PG-NPG, and PE-NPG binary systems has 

been conducted by Barrio et al [17].  Chandra et al. [17, 18] also reported significant 

decreases in the transition temperature of PE (to room temperature) by using binary PG-

NPG materials.  Experimental phase diagrams started appearing in the early 1990s for 

various binary polyalcohol systems.  Various groups, including our group, have reported 

partial and complete phase diagrams of PE-PG, PE-NPG, PG-NPG, PG-AMPL, NPG-

AMPL, TRIS-AMPL, NPG-TRIS, PG-TRIS, and PE-TRIS [17, 19-34]. Chandra et al. 

[34] determined the phase diagram for the PG-NPG binary from DSC and XRD studies in 

1989.  In 1990 Barrio et al. [36] also reported a phase diagram on the PG-NPG binary. 

The PE-PG binary was also reported by Barrio et al. in 1990 [37].  In 2011 Singh [35], 

ternary polyalcohol calorimetric and x-ray diffraction experimental studies were carried 

out on the PE-PG-NPG system. To our knowledge, PE-PG-NPG ternary phase diagrams 

have never been calculated using the CALPHAD method.  This work aims at creating a 

calculated PE-PG-NPG ternary phase diagrams.   

As part of this study the phase diagram of the PE-NPG, PG-NPG and PE- PG binary 

systems have been calculated from available experimental data in the literature.  These 

calculated binary phase diagrams are then used to calculate thermodynamic parameters of 

the PE-PG-NPG ternary system. Ternary phase diagrams as well as selected isopleths are 

presented in this paper. 
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3.2. Experimental data from literature 

3.2.1. Thermodynamic properties of pure PE, PG and NPG 

Enthalpies and phase transition temperatures for pure PE, PG and NPG used for 

calculations were taken from Eilerman et. al.  [14]. The melting temperature of pure NPG 

used in the calculations is 126oC (399K) [39].  This value is lower than that reported in 

recent literature 129.8oC (402.8K) [39], but the value is close to that reported by Sigma-

Aldrich Company.  Table 1 shows the thermodynamic properties of PE, PG and NPG 

[14]. 

3.2.2. Binary Phase Diagram Data 

The PE-NPG binary phase diagram is reported by different groups with significant 

differences in their observations [17, 40, 41].  Barrio et al. [42] reported the existence of 

an intermediate cubic phase.  They reported an invariant temperature as 70.6oC (343.6K), 

produced by the presence of a new phase.  Teisseire et al. [41] also developed the PE-

NPG binary phase diagram using calorimetry and x-ray diffraction but they did not notice 

the presence of an intermediate cubic phase as reported by Barrio et al. [42]. 

 

 

Compound Low temp. 
phases 

TTR(K) ΔHTR(J/m
ol) 

ΔSTR(J/ 
mol K) 

High 
temp. 
phases 

TF 
(K) 

ΔHF(J/mol) ΔSF(J
/mol 
K) 

PG Tetragonal 354 23120 65.29 FCC 471 5430 11.54 
NPG Monoclinic 313 13630 43.22 FCC 399 4600 11.83 
PE Tetragonal 461 41260 90.25 FCC 533 5020 9.45 

Table 3-1: Crystal structure, transition temperatures and thermal properties of NPG, 
AMPL and PE [14] 
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 Barrio et al. [42] have reported the presence of five invariant lines and the existence of 

an intermediate cubic phase, in a narrow concentration region.  The intermediate cubic 

phase was reported as FCC (a=8.871 at 353K) and the appearance of the five domains at 

353K accounted for the existence of a peritectic invariant temperature.  Due to 

uncertainties the PE-NPG binary in the present work has been calculated and optimized 

using experimental data from Chandra et al. [40].   A PG-NPG binary phase diagram has 

been proposed by Barrio et al. [37] in 1990, as well as Chandra et al. [34] in 1989.  

Chandra et al. [34] reported the solid-solid transformation occurs at 89oC (362K) in pure 

PG, at 40oC (313K) in pure NPG which lowered to 24oC (297K) due to eutectoidal 

transformation from the γ→α+β, at 75 mol% NPG in PG-NPG system.   Barrio et al. [36] 

also reported similar results with a eutectoid invariant at 25oC (298K), at composition of 

71 mole% NPG.  They observed solid-liquid Gibbs minimum at 106.6oC (379.6K) at 0.21 

molar fraction of PG.  For optimizing the calculated PG-NPG binary in the present work 

experimental data from Barrio et al. [37] has been used.  Both the above mentioned 

published phase diagrams were produced from thermal and x-ray diffraction analyses. 

Optimization of the PE-PG binary was carried out based on experimental data of Barrio 

et al. [37].  It should be noted that experimental data here imply invariant equilibria, tie-

lines, phase transformation temperatures etc. and not activities of the systems. 

 
3.3. Thermodynamic Modeling 

To facilitate reading the symbols used to denote the phases in the PE-PG-NPG system are 

listed in Table 3-2.  For the present purpose only the significant features of the 

thermodynamic parameters are described.  PE is represented by “A”, PG is represented 
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by “B” and NPG is represented by “C” for simplification.  The low temperature phases 

are characterized by α, or β, the high temperature phases are designated as γ`or γ.  The 

FCC γ` denotes the high temperature PE rich phase, the high temperature PE-PG solid 

solution and the high temperature PG-NPG solid solution.  Whereas, FCC γ denotes the 

high temperature NPG rich phase. If the reference state for each phase is taken to be that 

of the pure components in that phase, then the Gibbs energy of a solution phase φ  (φ  =α, 

β, γ`, γ, L) can be represented as follows (unit of Gibbs energy is J mol-1 throughout this 

work, where  mol is a mole of formula unit): 

φφφφ
CCBBAA GxGxGxG 000 +++=   φ,)lnln(ln EX

CBA GxxxRT ++++                (1)  

Where φ = α, β, γ, γ`, L, R  =8.314 J mol-1 K-1, Ax  is the mole fraction of “A”, 
Bx is the 

mole fraction of “B” and
Cx  is the mole fraction of “C”.  φ

AG0 , φ
BG0  and φ

CG0  are the pure 

component Gibbs energies inφ .

 

 

 

 

 

 

 

 

 

 

Symbol Phase 

Liq or L Liquid 

α Low temperature PE phase, low temperature PE-PG (solid 
solution) phase 

β Low temperature NPG phase  

γ` High temperature PE rich phase(PE-NPG), high 
temperature PE-PG phase (PE-PG solid solution) 

γ High temperature NPG rich phase(PE-NPG) 

Table 3-2: List of symbols to denote the phases in the ternary PE-PG-NPG 
system. 
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The binary interaction parameter φ
jiL , can be expressed as follows: 

)(
0

,, ji

m

n
ji

n
ji xxLL −=∑

=

φφ

                                 
(2) 

The ternary excess Gibbs free energy is written as follows: 

)( ,,
0

,,
0

,,
0, φφφφφφφφφφ

CBACCBABCBAACBA
EX LxLxLxxxxG ++=        (3) 

The binary and the ternary interaction parameters φ
ji

n L , and φ
kji

n L ,, take the following form 

of a power series: 

2 1 3 7 9ln( )n
mL a bT cT T dT eT fT gT hTϕ −= + + + + + + +

         (4) 

where a,b,c,d,e,f,g and h are the excess Gibbs energy parameters.  In most cases only the 

first two terms of the above equation are used.   

Reference States 

For a phase φ  (φ  =α, β, γ, γ`, L), φ
AG0 , φ

BG0  and φ
CG0
 are the reference states of pure 

“A”,“B” and “C”, same as φ .  A single reference phase is chosen for each component and 

expressed the pure component Gibbs energies of other phases as changes from this 

reference phase.  We chose α for “A”, β for “B” and α for “C” and set them equal to zero.  

This assumption is made only for the calculation of metastable phases.  The enthalpy of 

formation of the polyalcohols has been calculated using Joback’s group contribution 

method and is accounted for while entering data of the respective compounds.  The low 

temperature phase is considered as α for the PE rich region in PE-NPG binary as well as 
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PE-PG solid solution (low-temperature) in PE-PG binary, as it is assumed that they will 

from a single phase when extrapolated into a ternary system.  This assumption was made 

on the basis of the binaries and the crystal structure of the respective polyalcohols 

(tetragonal at low temperatures: PE and PG).  Similar assumptions were also made for the 

high temperature phases depending on the crystal structure.  NPG is denoted as a separate 

β phase as it forms a separate low temperature phase in case of the PE-NPG binary.  The 

high temperature phases are denote by γ and γ` as the crystal structure if PE, PG and NPG 

are face centered cubic (FCC) at high temperatures.  So, it is predicted that the solid 

solution (high temperature) of PE-PG, PG-NPG and high temperature phase for PE-NPG 

(PE rich) forms a single phase.  

Thus, 

00 =α
AG , 00 =β

BG and 00 =α
CG                                  (5)       

The binary phase diagrams are calculated first and the ternary diagram is predicted using 

the Gibbs energy equations of the binary phases. For system A-B (PE-NPG), the Gibbs 

energies of the other phases in terms of the reference phases can be represented as: 

``` 0000 γαγααγ →→ ∆=∆+= AAAA GGGG                                      (6) 

L
AA

L
AA

L
A GGGGG →→→ ∆+∆=∆+= αγααα 00000 `

                       (7) 

 
γβγββγ →→ ∆=∆+= BBBB GGGG 0000

                     (8) 

L
BA

L
BB

L
B GGGGG →→→ ∆+∆=∆+= βγβββ 00000

       (9) 
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For component “A” the Gibbs energies of the stable phases are: 

``` 0000 γαγααγ →→ ∆=∆+= AAAA GGGG                    (10)             
 

∫ ∫∫∫
→

→
→

→ ∆
−∆+∆−∆+

∆
−∆+∆−∆=

T

T

T

T

L
PL

PFF

T

T

P
T

T
PTRTRA

F FTRTR

dT
T

CTdTCSTHdT
T

CTdTCSTHG
γ

γ
γα

γαγ `
`

``0

 (11)
 

∫∫
→

→

→→→

∆
−∆+∆−∆=

∆+∆=∆+=
T

T

P
T

T
PTRTR

L
A

L
AA

L
AA

L
A

TRTR

dT
T

CTdTCSTHG

GGGGG
`

`

`

0

00000

γα
γα

αγααα

     

(12) 

Similar expressions can be obtained for Gibbs energies of stable phases of “B” and “C”. 

The Gibbs energies for metastable phases in binary systems are calculated using the 

stable phases as seen in previous calculations by Chellappa et al. [43].  For example, for 

“B” in α phase (B-C system), the difference, βα
BB GG 00 −   is determined such that the 

following equation can be expressed to calculate the metastable phases ( β
AM ,

α
BM etc.), 

αβα
BBB MGG +=00                                          (13) 

The Gibbs energy of the α phase, α
mG , can now be written as:  

ααα

αααβα

,

,00

)lnln(

)lnln()(
EX

CCBBBBm

EX
CCBBCCBBBm

GxxxxRTMxG
GxxxxRTGxMGxG

+++=

+++++=

     

(14) 

To estimate β
AM , α

BM etc., we assume that α and β phases are ideal solutions.  Therefore, 

the partial molar Gibbs free energies can be written as: 
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)ln(

)ln(
0

0

αβα

βββ

BBB

BBB

xRTGG
xRTGG

+=

+=

                                
(15) 

Where, β
BG and α

BG are the Gibbs energies of “B” in the β and α phases respectively.  At 

equilibrium, β
BG = α

BG , it is reasonable to assume that at the temperature of maximum 

solubility, T=Tmax,  











=











=











+=

α

β
α

α

β
α

α

β
βα

(max)

(max)
max

(max)

(max)
max

0

(max)

(max)
max

00

ln

ln

ln

B

B
B

B

B
B

B

B
BB

x
x

RTM

x
x

RTG

x
x

RTGG

 

          





××=

601.0
899.0ln298314.8  

           molJ /68.997=  

A similar estimation can be made for β
CM and is given by, 











= β

α
β

(max)

(max)
max ln

C

C
C x

x
RTM          














= `

`

(max)

(max)
max ln

γ

γ
γ

B

B
B x

x
RTM  

        
molJ /1340

36.0
51.0ln7.462314.8 =






××=

 

Similarly, 
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












= γ

γ
γ

(max)

(max)
max

`

`

ln
A

A
B x

x
RTM     

         





××=

49.0
64.0ln7.462314.8

 

         
molJ /1028=  














= γ

γ
β

(max)

(max)
max

`

ln
A

A
c x

x
RTM  

molJ /78.3403
101.0
399.0ln298314.8 =






××=  

 

Table 3-3 shows the Gibbs energy expressions for the PE-PG-NPG ternary system.  The 

assumption that α and β phases are ideal solutions is used only to describe the metastable 

pure Gibbs energies 
α
BG0

 and β
CG0 .   

The nature of non-ideality of α phase can still be expressed using a sub-regular solution 

model for α,EXG . 

 

3.4. Optimization of Binary Phase Diagrams  

Optimization is carried out where experimental data is fitted in the phase diagram using 

models.  Table 2 shows the thermodynamic properties of pure phases of pure PE, PG and 

NPG [14].  For PE-NPG binary the maximum solubility of NPG in PE is assumed to be 

1.5 mol%.  In case of PE-PG, the experimental data suggest that the solution phases are  

 

Table 3-3: Expressions of Gibbs energy equations for PE-PG-NPG ternary system 
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 all ideal and phases formed are mostly solid solutions [37].  PG-NPG follows the same 

pattern in terms of ideality where the high temperature γ` phase forms a completely 

miscible solid solution.   

Interaction parameters for the binary systems are determined by using experimental data 

available in the literature. In order to determine the interaction parameters which can be 

then used to calculate the excess Gibbs free energy, an optimization procedure is used 

which requires all available experimental data to be compiled and creation of a work file 

(PARROT file).  The optimization procedure is carried out in the PARROT module of 

the thermocalc software package and the details of the procedure have been explained in 

earlier publications [44].   

No. Gibbs energy expression 
1 00 =α

PEG  
2 00 =β

NPGG  
3 00 =α

PGG  
4 78.34030 =β

PGG  
5 640.9860 =α

NPGG  
6 TGNPG 40200000 −=α  
7 TGPE 10250000 −=β  
8 )ln(041.13809.78441333.1115236.029.6523120 2`0 TTTTTGPG −−+−−=γ  
9 )ln(1093.350-5272492.720-6794.78175+1.0895+89.501-41260 2`0 TTTTTGPE =γ   
10 1341+(T)1093.35Tln-272492.72-6794.781T+1.0895T+89.501T-41260 20 =γ

PEG  
11 )ln(999.272568.5106198.1621351.022.4313630 20 TTTTTGNPG −−++−=γ  
12 1028)ln(999.272568.5106198.1621351.022.4313630 2`0 +−−++−= TTTTTGNPG

γ  
13 )ln(015.11806225.23715163.71193765.1919.9846280 20 TTTTTG L

PE −−++−=  
14 =L

NPGG0 )ln(5.1521915.6611791.1161175.083.7628550 2 TTTTT −++−−  
15 )ln(613.34968.6984938.2098425.02.5518315 20 TTTTTG L

PG −−++−=  
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In parametric form, the excess Gibbs energies of a binary system are of the following 

form:   

For φ (φ= α, β, etc.), GEX,φ = xAxB(L0
φ+L1

φ(xA−xB)), L0
φ and L1

φ are constants which have 

to be optimized.   

For the PE-NPG system the interaction parameters were determined assuming the 

solution phases to be Henrian.  The Henrian solution assumption was made based on the 

fact that PE and NPG form a dilute alloy, where the solubility of NPG in PE is much 

greater than the solubility of PE in NPG.   The interaction parameters obtained by 

carrying out the optimization procedure were used to plot an optimized phase diagram for 

PE-NPG.   

 

The unoptimized PG-NPG system showed the invariant equilibria at 308K.  Experimental 

data from Barrio et al. [36] was used for optimization of PG-NPG.  The low temperature 

phases were modeled using regular solution model with temperature dependence, but the 

resulting phase diagram was not a good fit with the experimental data, so a sub-regular 

solution model was used.  The high temperature solid solution was modeled assuming 

regular solution model with a temperature dependency, and the liquid phase was modeled 

as a sub-regular solution model. 

The optimization of the PE-PG binary was simpler, compared to PG-NPG or PE-NPG.   

For the optimization of the PE-PG binary, regular solution model was used with no 

temperature dependence.  The interactions parameters are predicted to be small as the 

behavior of this binary system is almost ideal because of limited miscibility. 
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3.5. Results and Discussion 

The estimation of metastable Gibbs energies of pure components is first calculated by 

assuming ideal solution behavior.  The ideal solution behavior is used only for the 

metastable estimations and the non-ideal behavior in high temperature phases is 

accounted for by assuming Henrian, sub-regular and regular solution behavior (low 

temperature phases and the liquid phases are assumed to be ideal).   

The interaction parameters for PE-PG are given below: 

GEX,α=0 

GEX,L=0 

GEX,γ` =xCxB(72.3−522.7(xB−xC)) 

The calculated PE-PG binary system is shown in Figure 3-2, with superimposed 

experimental data points from Barrio et al. [37].  The magnitudes of the excess 

parameters are very small in case of the PE-PG system suggesting that all the solution 

phases are mostly ideal solutions.  No de-mixing region at room temperature was noticed 

in the phase diagram indicating complete miscibility.   
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This is due to the fact that both pure PE and PG are isomorphic at low temperature as 

well as high temperature.  The high temperature phase also indicates complete 

miscibility.  There is a very narrow plastic γ’ phase and liquid phase region.  The excess 

Gibbs energies were initially considered to be zero in this work, but it was observed that 

the absence of the parameters made no difference in the calculations.  The low 

temperature phases and the liquid phase were assumed to be ideal.    

Figure 3-2 Calculated PE-PG phase diagram from this study (data points from Barrio et 
al. [37]) 

 

 

PG PE 
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The PE-NPG system was optimized using Henrian solution model with temperature 

dependence.  The optimized parameters for the binary system are given below; 

GEX,α=xAxB(20000-40T) 

GEX,β=xAxB(25000−10T) 

GEX,γ=xAxB(1341)  

GEX,γ′=xAxB(1028) 

GEX,L= xAxB (2471.8) 

The calculated PE-NPG system resulted in a complex phase diagram depicted in figure 3-

3.  Tesseire et al. [41] noted a solid-liquid phase at 165°C (438K) in the PE-NPG system, 

whereas Chandra et al. [22] showed a two phase region consisting of two individual high 

temperature phase regions.  Barrio at al. [17] proposed a PE-NPG phase in the 

temperature range from room temperature to 393K.  They observed invariant equilibria at 

343.6K which does not correspond to the phase diagrams proposed by Tesseire at al. and 

Chandra et al. [34, 41].  The PE-NPG phase diagram by Chandra et al. [34] was 

calculated using the FACT Sage program.   

There is good agreement between the phase diagrams calculated by Chandra et al. and 

proposed by Tesseire et al.[34,41].  According to Tesseire et al. a two phase region exists 

from room temperature to 36°C (309K), and a small region on the NPG rich side 

consisting of a low temperature NPG single phase and a high temperature NPG phase 

[41].  Table 3-4 shows the invariant reactions in the PE-NPG system (this work).  The 

major difference between the two above mentioned phase diagrams is that Tesseire et al. 
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[41] predicted a two phase (solid-liquid) region at about 163°C (436K), whereas Chandra 

et al. predicted the presence of a two phase region consisting of two high temperature 

solid phases belonging to PE and NPG each at the same temperature.  Barrio et al. 

pointed out that since the two substances are isomorphic at high temperatures a new 

phase might appear.  The enthalpy of mixing for PE-NPG in PE-NPG liquid at 177oC 

(450K) was also calculated and is depicted in figure 3-5(a).  The activities were 

calculated using the excess Gibbs energy parameters.  Figure 3-6(a) shows the calculated 

activity of PE and NPG in PE-NPG liquid at 177oC (440K).   

 

Figure 3-3 Calculated PE-NPG phase diagram from this study (data points from Chandra et 
al. [18, 35]) 

 

NPG PE 
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The solution phases for the PG-NPG binary were modeled using regular and sub-regular 

solution models.  The PG-NPG system shows a demixing region in the solid state.  This 

is attributed to the low-temperature forms of pure PG (tetragonal) and NPG (monoclinic).  

Chandra et al. [34] noticed similar behaviors, but the solid solution boundaries are 

slightly different than Barrio’s phase diagram [36].  Both phase diagrams show a Gibbs 

minimum at the solid-liquid transition, but once again, there is a difference in the 

compositions at which the minimum is located.  Figure 3-4 shows the calculated PG-NPG 

phase diagram, superimposed with experimental data from Barrio et al. [36]. 

The following are the optimized parameters for PG-NPG 

GEX,β=xBxC(16600−49.9T) 

GEX,α=xBxC((25300−77.8T) −1495(xC−xB)) 

G EX,γ =xBxC(−13200+36.2T) 

GEX,L= xBxC((-1940+7.52T)  

Invariant equilibria XB (mole fraction NPG) Temp. (K) 

βγα →+ ` (Peritectoid) α   
0.15 

β  
1.0 

`γ  
0.986 

 
312 

γαγ +→` (Eutectoid) α  
0.155 

γ  
0.65 

`γ  
0.49 

 
440 

γγ →+L` (Peritectic) `γ  
0.494 

γ   
0.647 

L  
0.815 

 
456 

Table 3-4. Invariant equilibria for PE-NPG binary system (this work) 
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Experimental data from Barrio et al. [36] has been used since it is the latest and most 

updated data to have been published.  The high temperature solid phase forms a solid 

solution (total miscibility), since both high temperature phases of pure PG and NPG are 

the same (FCC).  It can be hence assumed that this phase does not vary considerably from 

ideality.  The enthalpy of mixing for PG-NPG in PG-NPG liquid at 177oC (450K) was 

also calculated and is depicted in Figure 3-5(b).  Figure 3-6(b) shows the calculated 

activity of PG and NPG in PG-NPG liquid at 167oC (440K).   

Figure 3-4 Calculated PG-NPG phase diagram from this study (data points from Barrio et 
al. [36]) 

 

PG NPG 

NPG 
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It should be noted that the binary phases project in to the ternary phases and that no 

separate ternary phase as such exists in the system.  Figure 3-7 shows an example of how 

the binary phases project on to the ternary phase diagram.  The binary phase diagrams 

have been reconstructed and optimized using available experimental data.  The 

experimental data corresponds to tie-lines and invariant temperatures and not to the 

activities of the polyalcohols.  The isotherms of the ternary PE-PG-NPG system are 

presented in figure 3-8. The isothermal sections are presented for a range of temperatures 

which show significant phase changes.  The α+β two phase region transforms into α+γ 

where the β phase (low temperature NPG) undergoes a phase transformation and 

becomes high temperature γ solid solution at 298K.  At room temperature there is a 

predominantly large two phase region are formed by PE and NPG (α+β region).  But at 

25oC (298K) new two phase regions appear owing to the formation of high temperature γ, 

and the α+β phase field decreases.  At 30oC (313K), the β phase (low temperature NPG), 

disappears and is transformed into γ, and a large two phase region α+γ exists along the 

NPG rich side.  At 108ºC (381K) the presence of a liquid phase is seen in the PG-NPG 

side.  This is attributed to the gibbs minimum formed at 381K on the PG-NPG binary 

system.  The inclusion of this liquid phase leads to the formation of two phase and three 

phase regions.  It should be noted that α phase corresponds to the low temperature PE 

phase as well as solid solution of PE-PG at low temperature.  After 381K the γ` regions 

starts dominating the α region and eventually all α corresponding to PE-PG low 

temperature solid solution transforms into γ`.  The α phase field gradually decreases, and 

at about 190oC (463K) is transformed into γ`.  The γ phase exists as a complete solid 

solution on the PG-NPG and PE-NPG (NPG rich) corner  as the FCC orientationally 
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disordered γ`phases are completely soluble, at these compositions.  The reason that PE 

and NPG do not form a completely miscible solid solution in the high temperature region, 

unlike PE-PG and PG-NPG in spite of having the same crystal structure (FCC) is because 

of the nature of molecular bonding of the two O-H…O bonds of  NPG with PE.   
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Figure 3-5 Enthalpy of mixing of (a) PG-NPG and (b) PE-NPG liquid at 450K (calculated, 
this work) 
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If we consider a case of a 40% PE-60% NPG binary alloy, in which we have 90 weight% 

γ and 10 weight % α at the eutectoid temperature of ~40oC (313K).  The composition of 
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Figure 3-6 Activity of (a) PE and NPG in PE-NPG liquid and, (b) PG and NPG in 
PG-NPG liquid at 440K (calculated, this work)  
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γ-phase is 35 % PE and that of the α-phase is 84% PE. As we increase the temperature 

above the eutectoid temperature of 167oC (440K), say to 177oC (450K), the γ phase 

continues to be stable, and all of α phase has transforms to γ’.  The composition of the γ-

phase is still remains at 35% PE, but the composition of new γ’-phase is now 50% PE. 

Thus at 177oC we will have 30 wt.% of γ’ and 70 wt.% of γ (by the lever rule).  Thus, the 

original 10 weight% of α phase (that was below the eutectoid line) converts to 30 

weight% γ’ phase; the composition of γ’ decreases from 90 weight% to 70 weight%, and 

in addition (20 weight% of γ phase also converts to γ’phase).  The molecular structure of 

NPG has 2 –OH and 2 –CH3 groups, as compared to PE that has 4 –OH groups. When 

PE and NPG molecules bond in the high temperature phases, there is an increase in the –

CH3 dangling bonds, and the differences in the in the vibrational motions of the PE and 

NPG solid solution phases [34] results in limited miscibility and the formation of a two, 

γ+γ’, phase region is observed. 

As mentioned earlier no separate ternary phase exists in the system.  To study and 

understand the effect of adding a third polyalcohol into a binary and how it affects the 

phases to undergo changes is represented by the isopleth sections of the ternary system 

(Figure 3-9).  The ternary phases portrayed in the phase diagrams are the extension of the 

binary phases in to ternary phases.  Ternary interaction parameters were not calculated 

because of the absence of experimental data, and also because the ternary interaction 

parameters are predicted to be very small, as the isothermal sections agree with the 

extrapolated binaries.  
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Figure 3-7 Binary phases projecting into PE-PG-NPG ternary. Two-phase regions are 
shown hatched by tie-lines (green in color); Red (in color) lines represent 
invariant equilibria. 
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Figure 3-8 Isotherms for ternary PE-PG-NPG (a) 313K, (b) 333K, (c) 353K, (d) 380K, (e), 
413K, (f) 450K, (g) 463K, (h) 480K and (i) 513K.  

 



109 
 

 
 
 

 

Isopleths provide valuable information about phase transitions at various temperatures, 

whereas, isotherms are projected at a constant temperature.  In order to study and analyze 

phase transitions, isopleths are preferred over isotherms, as several isotherms would have 

to be plotted at very small intervals.  The isopleths are plotted between two components 

keeping the composition of the third component constant, over a desired temperature 

range.  In figure 3-9, the isopleths or pseudo-binary sections are presented for the PE-PG-

NPG system.  The composition of NPG was kept constant and the isopleths were plotted 

Figure 3-9  Isopleths along the line on the PE-PG-NPG isotherm at 413K.   
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between PG and PE from 250K to 550K.  An isotherm is also depicted in figure 3-9 (at 

413K), so as to compare the compositions and temperature chosen, with an isotherm.  At  

Isopleths along the line x-y on the PE-PG-AMPL ternary diagram (right). A small circle 

drawn (at 390K) on the line along the composition 0.1PE/0.45PG/0.45AMPL on the 

isopleth shows the γ phase is stable; these correspond with the phase marked small circle 

along the line x-y on the ternary diagram (right). 

NPG is kept constant at 0.2 mole fraction in one of the isopleths, and a composition 

between PG and PE is chosen, so that the overall composition distribution of the chosen 

point is 0.2NPG/0.4PE/0.4PG.  At the specified composition a vertical line is drawn to 

determine the phase transitions between room temperature and 550K.  At 

0.2NPG/0.4PE/0.4PG, the two phase region α+β is transformed in to α+γ phase at 303K.  

at 400K α+γ is transformed in to a three phase region (α+γ+γ`), with the appearance of γ` 

phase.  The three phase region exists for a very small temperature range, and after 3K, 

transforms in to a two phase region (α+γ`), as the γ phase disappears at this particular 

composition and beyond this temperature.  The α+γ` phase is stable till up to 429K, and 

then the α phase is completely transformed in to γ`.  This can be attributed to the 

transition temperatures of PE, where low temperature PE undergoes solid-solid phase 

transition to form high temperature FCC phase.  The liquid phase starts appearing as a 

two phase region (γ`+L) at 483K.  And completely transforms into liquid 490K. 

At 0.4NPG/0.3PE/0.3PG, a three phase region starts forming, which was not seen in case 

of 0.2NPG/0.4PE/0.4PG.  This three phase region (α+β+γ) starts appearing at 302K, and 

the β is transformed in to γ at 304K.  At 0.15PG/0.45PE/0.4NPG, the α+β changes to α+γ 
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and 298K.  This transformation is due to the invariant equilibria seen in PG-NPG at 

298K, where α+β is transformed to a completely miscible solution of γ.  The existence of 

α phase beyond 298K is mostly due to PE. 

Table 3-5 shows the phase transitions occurring in the PE-PG-NPG ternary system at 

different compositions and temperatures.  Binary alloys of these polyalcohols help in 

lowering the transition temperatures, but adding a third component creates more phase 

transitions to occur at different compositions.  For example, in PE-NPG binary system, 

the first transition takes place at 312K, but adding PG, makes the operation range wider 

(298-308K).  Solid-solid phase transitions can occur at a bigger temperature range, and 

any composition contributing to a desired phase transition temperature can be chosen for 

required application.  
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Table 3-5 Phase transitions in PE-PG-NPG system 
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5. Conclusions 

 Based on the previous assessments of PE-NPG, PE-PG and PG-NPG systems the phase 

diagram for the PE-PG–NPG system has been calculated by employing a straightforward 

estimation for metastable Gibbs energies, in combination with thermodynamic 

optimization using the PARROT program in the Thermo-Calc software package. An 

initial assumption of ideality in the high-temperature phases is used only to estimate the 

metastable Gibbs energies of the binary systems (PE-NPG, PE-PG and PG-NPG). The 

non-ideality of the solution phases have been compensated by assuming various solution 

models. The optimization using Thermo-Calc software included available published 

experimental data from the binary phase diagrams (tie lines and invariant equilibria 

composition and temperatures). The PE-NPG system has been subject to incoherency in 

terms of experimental data.  Although the high temperature phases in PE and NPG are 

isomorphic, the complex nature of the binary phase diagram (PE-NPG) can be attributed 

to syncrystallization. Also the solid-plastic phase transition temperatures in both PE and 

NPG are vastly different. The PG-NPG phase diagram shows invariant equilibria at 298 

K and a Gibbs minimum at the melting curves.  PE-PG system is almost ideal because of 

limited miscibility and both structures being isomorphic at both high and low 

temperature.  The selected isothermal and isopleth sections of the system are calculated 

over an entire composition range.  There is good agreement between the calculated and 

experimental phase boundaries and invariant equilibria of the binary phase diagrams.  

The ternary system for PE-PG–NPG system has been created for the first time, which 

may be of interest for various applications as well as to materials researchers.  Further 

experimental data is required for optimization of the ternary system (PE-PG-NPG).   



113 
 

References:
 
1. Ruan D, Zhang T, Zhang D, Liang S, Hu Q. Acta Energiae Solaris Sinica 15(1) 1994  
19. 
2. Xing D, Shi G, Ruan D, Huo L, Li D, Zhang T, Zhang D. Acta Energiae Solaris Sinica 

16(2) 1994 131. 
3.  Benson DK, Burrows RW, Webb JD. Solar Energy Materials 13 (1986) 133. 
4. Benson DK, Chandra D. Solid-state phase change materials for thermal energy storage. 

US DOE Contract No. DE-AC02-83CH10093, 1985. 
5. Son CH. Solid±solid phase change materials as a space-suit battery heat storage 

medium. Ph.D. thesis, University of South Carolina, 1989. 
6. Son CH, Morehouse JH. ASME Journal of Solar Energy Engineering 113 (1991) 244. 
7.  Zhang ZY, Yang ML. Thermochimica Acta 169 (1990) 263. 
8.  Murrill E, Breed L. Thermochimica Acta 1 (1970) 239. 
9.  Zhang ZY. Thermochimica Acta 202 (1992) 105. 
10. J. Timmermanns. J. Phys. Chem. Solids 18 (1961) 1. 
11. N.G. Parsonage, L.A.K. Staveley, Disorder in Crystals, Oxford University Press, 
1976. 
12. Y. Haget, J. Chim. Phys. 90(2) (1993) 313. 
13. I. Nitta and T. Watanabe. Bull. Chem. Soc. Japan 13(1) (1938) 28. 
14. D. Eilerman, R. Lippman and R. Rudman Acta Cryst. B39 (1983)  263. 
15. D. Chandra and J.J. Fitzpatrick. In: C.S. Barrett, P.K. Fredecki and D.E. Levden, 

Editors, Advances in X-Ray Analysis 28 (1985) 353. 
16. D. Chandra, C.S. Day and C.S. Barrett. Powder Diffr. 8(2) (1993) 109. 
17. M. Barrio, J. Font, J. Muntasell, J. Navarro, J.Ll. Tamarit, Sol. Energy Mater. 18 (1–

2) (1998) 109. 
18. D. Chandra, C.S. Barrett, Final Report to the DOE Contract No. DE-AC03-

84SF12205, 1986. 
19. D. Chandra, C.S. Barrett and D.K. Benson. Advances in X-Ray Analysis vol. 29, 

Plenum Publishing (1986) 305–313. 
20. E. Murrill, L. Breed, Thermochim. Acta 1 (1970) 239. 
21. D.K. Benson, R.W. Burrows, J.D.Webb, Sol. Energy Mater. 13 (1986) 133. 
22.  D. Chandra, C.S. Barrett, Final Report to DOE, Contract No. DEAC03- 84SF12205, 

January, 1986. 
23. J. Font, J. Muntasell, J.Navarro, J.Ll. Tamarit, J. Lloveras, Sol. Energy Mater. 15 
(1987) 299. 
24. J. Font, J.Muntasell, J. Navarro, J.Ll. Tamarit, Thermochim. Acta 118 (1987) 287. 
25. J. Font, J. Muntasell, J. Navarro, J.Ll. Tamarit, Sol. Energy Mater. 15 (1987) 403. 
26. J. Font, J.Muntasell, J. Navarro, J.Ll. Tamarit, Thermochim. Acta 136 (1988) 55. 
27. J. Salud, D.O. Lopez, M. Barrio, J.Ll. Tamarit, H.A.J. Oonk, P. Negrier and Y. Haget. 

J.  Solid State Chem. 133 (1997) 536. 
28. M. Barrio, D.O. Lopez, J.Ll. Tamarit, P. Negrier and Y. Haget. J. Mat. Chem. 5(3) 

(1995) 431. 
29. M. Barrio, D.O. Lopez, J.Ll. Tamarit, P. Negrier and Y. Haget. J. Solid State Chem. 

124 (1996) 29. 
30. D.O. Lopez, J. Van Braak, J.Ll. Tamarit and H.A.J. Oonk. Calphad 18(4) (1994) 387. 



114 
 

31. D.O. Lopez, J. Van Braak, J.Ll. Tamarit and H.A.J. Oonk. Calphad 19(1) (1995) 37. 
32. J. Salud, D.O. Lopez, M. Barrio, J.Ll. Tamarit and H.A.J. Oonk. J. Mat. Chem. 9 

(1999) 917. 
33. D. O. Lopez, J. Salud, J. Ll. Tamarit, M. Barrio and H.A.J. Oonk. Chem. Mater. 12 

(2000)  1108. 
34. D. Chandra, C.S. Barrett and D.K.Benson Advances in X-ray Analysis. 32 (1989) 

609. 
35. H. Singh, An Experimental Phase Diagram Study of Ternary Pentaerythritol-

Pentaglycerine-Neopentylglycol Orieintationally Disordered Plastic Crystals, Ph.D. 
dissertation, Univ. of Nevada, Reno, August 2011. 

36.  M. Barrio, J. Font, J. Muntasell, J.Ll. Tamarit, N.B. Chanh and Y. Haget. J. Chim.  
Phys. 87 (1990) 255. 

37. M. Barrio, J. Font, D.O. Lopez, J. Muntasell, J.Ll. Tamarit, N.B. Chanh and Y. Haget. 
J. Chim.  Phys. 87 (1990) 1835. 

38. W. Ding, M.S. Thesis, University of Nevada, Reno, 1991 
39.  J. Salud, D.O. Lopez, M. Barrio, J.Ll. Tamarit, H.A.J. Oonk, P. Negrier and Y. 

Haget. J. Solid State Chem. 133 (1997) 536. 
40. D. Chandra, Crystal Structure and Thermal Studies On solid –State Energy Storage 

Materials, Final Report, Contract number:19X-SC644V/DE-AC05-84 OR21400, 
1990. 

41. M.Teisseire, N.B. Chanh, M.A. Cuevas-Diarte, J. Guion, Y. Haget, D. Lopez and J. 
Muntasell Thermochmica Acta 181 (1991) 1. 

42.  M. Barrio, J. Font, D.O. Lopez, J. Muntasell, J. Ll. Tamarit, N.B. Chanh and Y. 
Haget, J. Phys. Chem. Solids 52 (1991) 665. 

43. R. Chellappa and D. Chandra, CALPHAD 27 (2003) 133. 
44. N. Saunders and A.P. Miodownik. In: CALPHAD (Calculation of Phase Diagrams): 

A Comprehensive GuidePergamon Materials Series, Elsevier Science Ltd. (1998). 
 
 
 
 
 
 
 
 



115 
 

Chapter IV     Thermodynamic assessment of 

pentaerythritol-neopentylglycol-2-amino-2methyl-1,3, 

propanediol (PE-NPG-AMPL) ternary phase diagram  

 

Summary 

 

4.1. Introduction 

The driving force behind the development of renewable energy source is the emission of 

greenhouse gases and increasing fuel prices.  Direct solar radiation is considered to be 

one of the most promising sources of energy.  Researchers are continually in search of 

new and alternative energy solutions.  One of the options can be the development of 

A thermodynamic analysis of the pentaerythritol-neopentylglycol-2-amino-2methyl-1,3, 

propanediol ternary system has been performed by using the CALPHAD approach. 

Because of the lack of experimental information available for the ternary system, binary 

phase diagrams of PE-NPG, PE-AMPL and AMPL-NPG were calculated using the 

CALPHAD method and optimized using the PARROT program in Thermo-Calc. 

Available experimental was used for the optimization method and estimation of excess 

energies for the binaries. The calculated phase diagrams were in good accordance with 

previous experimental results. The ternary PE-NPG-AMPL as well as the binaries was 

calculated from room temperature to the liquid phase.  Substitutional solution model was 

assumed for optimization of interaction parameters.  
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energy storage devices, which are equally important as developing new energy sources. 

Thermal energy can be stored during the day from solar radiation and utilized at later 

periods of time.  For this purpose the development of thermal energy storage materials is 

important.  Thermal energy can be stored as latent eat or sensible heat.  In sensible heat 

storage, the heat capacity of the material is used for storage.   In case of latent heat energy 

storage heat is stored and released when the material undergoes a phase change.  These 

materials are known as phase change materials.  Phase change materials can be solid-

liquid, liquid-gas or solid-solid.  Solid-solid phase change materials are of importance as 

the phase changes do not undergo large volume changes and also the problem of leakage 

in a thermal energy storage incorporating solid-solid phase change materials, is 

eliminated.  Amongst solid-solid phase change materials, organic molecular materials are 

of great importance as they undergo solid-solid phase transitions, which results in a new 

(plastic) phase. 

These crystalline organic molecular materials are classified as “plastic crystals”. Plastic 

crystals are molecular crystals in which the molecules can rotate around one or several 

axes [1].  The formation of plastic crystals is attributed to the ability of the 

pseudospherical molecules over a particular range of temperature to arrange themselves 

in a cubic array (FCC /BCC) [2]. They also undergo thermal rotatory displacements at 

the same time, so that there is no long range orientational order between the molecules 

[3,4]. This phase is also referred to as ODIC (orientationally disordered crystalline phase) 

[5]. At the upper temperature limit of this orientational disordered phase the liquefaction 

occurs with breakdown of the long range positional order with only a small entropy 

variation, generally smaller than 21 Jmol-1.K-1 a characteristic value to classify these 
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compounds and plastic crystal from a thermodynamic point of view [6

The focus of this research is the characterization of mixed crystals between organic 

compounds showing a plastic phase, as well as the potential use of these materials in 

thermal energy storage and systems for solar and other applications, owing to the large 

entropy variation in the phase transitions.  

].  Figure 4-1 

shows the structure of PE, NPG and AMPL. 

 

 

  

 

 

 

 

 

 

 

 

Figure 4-1 Structure of PE, NPG and AMPL 

CH2OH CH2OH 

CH3 

CH3 

C 

(NPG) 

CH2OH CH2OH 

NH3 

CH3 

C 

(AMPL) 

(PE) 

C CH2OH CH2OH 

CH2OH 

CH2OH 



118 
 

 

Pentaerythritol and related organic crystals undergo solid-solid phase transformations, 

from low temperature α or β layered or chained structures (tetragonal, monoclinic, 

orthorhombic) to isotropic disordered high temperature cubic phases (FCC or BCC).  

This high temperature phase is alternatively referred to as orientally disordered crystal 

(ODIC) or plastic crystal phase.  Examples of these ‘plastic crystals’ include PE, AMPL, 

pentaglycetine [PG: (CH3)2C(CH2OH)3], neopentylglycol [NPG: (CH3)2C(CH2OH)2], 

and tris(hydroxymethyl)aminomethane [TRIS: (NH2)C(CH2OH)3].  The thermodynamic 

parameters and crystallographic details for a number of such pure compounds and their 

binary system have been reported in the literature are of PE-PG, PE-NPG, PG-NPG, PG-

AMPL, NPG-AMPL, TRIS-AMPL, NPG-TRIS, PG-TRIS, and PE-TRIS.  Calculated 

phase diagrams for most of the systems have been reported by various investigators.  To 

our knowledge, no ternary phase diagrams have been reported in these types of systems.  

This work aims at creating a calculated PE-NPG-AMPL ternary phase diagram.  Nita and 

Watanabe [7] reported crystallographic properties of PE.  Chandra et al used high 

resolution Guinier diffraction and reported high temperature structural details of PE [8] 

and NPG.  These polyalcohols when combined to form solid solutions show a variation in 

the phase transition temperatures. The solid solutions can then be used to suit  particular 

applications [9].  To study the alloying effect on the solid-solid phase transitions, Benson 

et al. [10] investigated binary systems such as PE-PG, PE-NPG, and PG-NPG for thermal 

energy storage in solar buildings.  Font et al. [11] carried out calorimetric studies of the 

mixtures of PE-NPG and PG-NPG and Barrio et al. [12] conducted an investigation of 

heat storage applicability of PE-PG, PG-NPG, and PE-NPG binary systems.  Chandra et 
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al. [13,14] reported a reduction in the transition temperature of PE by alloying it with PG 

and NPG. Several research groups have reported partial and complete phase diagrams of 

PG-NPG [15,16], PE-NPG [17,18,19,20,21,22], TRIS-NPG [23,24], PE-PG [25], TRIS-

PG [26], TRIS-PE [27], TRIS-AMPL [28], and PE-AMPL [29

Chandra et al. [

]. 

30] determined the complete phase diagram for the AMPL-NPG binary.  

Barrio et al. [31] also reported on the AMPL-NPG binary, but there were significant 

differences between these two phase diagrams of Chandra et al. and Barrio et al. Salud et 

al. [32] performed further experimental studies on the AMPL-NPG system in 1997 

including a calculated phase diagram.  Chellappa et al. also published calculated phase 

diagrams for AMPL-NPG [33] and PE-AMPL [34

This work involves thermodynamic assessments of the PE-NPG, AMPL-NPG and PE-

AMPL binary systems utilizing the CALPHAD method.  These calculated binary phase 

diagrams are then used to compute the PE-NPG-AMPL ternary system.  So far we 

haven’t seen any published record of ternary phase diagrams of plastic disordered crystals 

of PE, NPG and AMPL. 

]. 

4.2. Computational Procedure 

In order to compute phase equilibria and calculate the phase diagrams, certain 

thermodynamic parameters need to be calculated.  This section describes the 

determination of thermodynamic properties (enthalpies and entropies of formation for 

PE, NPG and AMPL, Gibbs free energies of the stable and metastable phases, etc.).   
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4.2.1. Calculation of thermodynamic properties 

Joback’s group contribution method id used to calculate the enthalpy and entropy of 

formation.  Since, the organic plastic crystals (e.g. PE, NPG, AMPL, etc.) are not pure 

elements; their enthalpy of formation is not zero.  These thermophysical quantities can be 

calculated using group contribution methods, which takes into account the smallest 

constituents (atoms/groups), and in this case, the functional groups (which may be 

composed of few atoms and bonds).  Data for the functional groups is taken from 

Marrero and Gani [35
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4.2.2. Thermodynamic Modeling of Solution Phases 

The most relevant features of the description of the thermodynamic parameters are 

discussed for the present purpose. The low temperature phases are characterized by α, β 

or δ, the high temperature phases are designated as γ, ε or η, and the liquid phase as L.  

For simplicity PE is represented by A, NPG as B and AMPL as C.  Table 4-1 shows the 

list of symbols used to describe the various phases in the PE-NPG-AMPL ternary system. 

A CALPHAD type optimization using regular and subregular solution model is 

considered to be adequate to describe the Gibbs energies of different phases. The low 

temperature “Phase II” are represented by “α”, “β” or “δ” and the high temperature 

phases are represented as γ, ε, η. The liquid phase is designated as “L”. 
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Table 4-1 List of symbols denoting phases in PE-NPG-AMPL system 

 

 

 

 

 

 

If the reference state for each phase is taken to be that of the pure components in that 

phase, then the Gibbs energy of a solution phase φ  (φ  =α, β, δ, γ, ε, θ, η,  L) can be 

represented as follows (unit of Gibbs energy is J mol-1 throughout this work, where a mol 

is a mole of formula unit): 

φφφφφ ,000 )lnln(ln EX
CBACCBBAA GxxxRTGxGxGxG +++++++=         (1)  

Where φ  =α, β, δ, γ, ε, θ, η,  L, R  =8.314 J mol-1 K-1, Ax  is the mole fraction of “A”, Bx

is the mole fraction of “B” and Cx  is the mole fraction of “C”.  φ
AG0  , φ

BG0  and φ
CG0  are 

the pure component Gibbs energies inφ .  

The excess Gibbs energy for a binary system A-B, can be demoted as; 

))(( 10
BAABABBA

xs
mix xxLLxxG −+=                                                             (2) 

Symbol Phase 
Liq or L Liquid 

α Low temperature PE phase 

β Low temperature NPG phase  

δ Low temperature AMPL  phase  

γ High temperature PE phase 

ε High temperature NPG phase 

η High temperature AMPL phase 
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The binary interaction parameters for excess Gibbs energies, φ
jiL , can be expressed as 

follows: 

)(
0

,, ji

m

n
ji

n
ji xxLL −=∑

=

φφ  

The ternary excess Gibbs free energy is written as follows: 

))((

))(())((
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−++
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      (3) 

The binary and the ternary interaction parameters φ
ji

n L , and φ
kji

n L ,, take the following form: 

97312)ln( hTgTfTeTdTTcTbTaLm
n +++++++= −φ  

where a,b,c,d,e,f,g and h are the excess Gibbs energy parameters.  In most cases only the 

first two terms of the above equation are used. 

For a phase φ  (φ  =α, β, δ, γ, ε, η, L), φ
AG0 , φ

BG0  and φ
CG0 are the reference states of pure 

“A”, “B” and “C”, same as φ .  A single reference phase is chosen for each component. 

The reference phases were chosen and denoted as: α for “A”, β for “B” and δ for “C” and 

set to zero. 

Therefore, 

00 =α
AG , 00 =β

BG and 00 =δ
CG                               (4)       

The binary phase diagrams are calculated first and extrapolated to a ternary system. 
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The stable phases for “A” are α, and γ, ε and β for “B” and θ and δ for “C”.  Gibbs 

energies of the other phases in terms of these reference states can be represented as: 

For system A-B (PE-NPG), the Gibbs energies of the other phases in terms of the 

reference phases can be represented as: 

γαγααγ →→ ∆=∆+= AAAA GGGG 0000                                  (5) 

L
AA

L
AA

L
A GGGGG →→→ ∆+∆=∆+= αγααα 00000                (6) 

γβεββε →→ ∆=∆+= BBBB GGGG 0000                                (7) 

L
BA

L
BB

L
B GGGGG →→→ ∆+∆=∆+= βεβββ 00000                (8) 

The pure Gibbs energies were determined using the heat capacity data.  So, for 

component “A” the Gibbs energies of the stable phases are: 

γαγααγ →→ ∆=∆+= AAAA GGGG 0000
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Similar expressions can be obtained for Gibbs energies of stable phases of “B” and “C”. 
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4.2.3. Metastable Phase Calculations 

The Gibbs energies for metastable phases are estimated by modifications to the stable 

phases.  For example, for “ A” in β phase, we are interested in determining the 

difference, αβ
AA GG 00 − , such that we can express, 

βαβ
AAA MGG +=00   

The Gibbs energy of the β phase, β
mG , can now be written as:  

βββ

βββαβ

,

,00

)lnln(

)lnln()(
EX

BBAAAAm

EX
BBAABBAAAm

GxxxxRTMxG
GxxxxRTGxMGxG

++×+=

++×+++=
 

Similarly for the α phase, we can write the Gibbs free energy, α
mG , as:  

ααβ

ααβαα

,

,00

)lnln(

)lnln()(
EX

BBAABBm

EX
BBAABBBAAm

GxxxxRTMxG
GxxxxRTMGxGxG

++×+=

++×+++=
 

To estimate β
AM  and α

BM , α and β phases are assumed to be ideal solutions. It should be 

noted that this assumption is based only for the purpose of calculating the metastable 

phases.  

Therefore, the partial molar Gibbs free energies can be written as: 

)ln(

)ln(
0

0

ααα

βββ

BBB

BBB

xRTGG
xRTGG

+=

+=
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Where, β
BG and α

BG are the Gibbs energies of “B” in the β and α phases respectively.  At 

equilibrium, β
BG = α

BG , the following estimation can be made at the temperature of 

maximum solubility, T=Tmax, 











=











=











+=

α

β
α

α

β
α

α

β
βα

(max)

(max)
max

(max)

(max)
max

0

(max)

(max)
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00

ln

ln

ln

B

B
B

B

B
B

B

B
BB

x
x

RTM

x
x

RTG

x
x

RTGG

 

          





××=

03.0
96.0ln15.283314.8  

           17.8158 −= Jmol  

A similar estimation can be made for β
AM and is given by, 











= β

α
β

(max)

(max)
max ln

A

A
A x

x
RTM  

         





××=

04.0
97.0ln15.283314.8

 

The assumption that α and β phases are ideal solutions is used only to describe the 

metastable pure Gibbs energies α
BG0  and β

AG0 .  The nature of non-ideality of α phase can 

still be expressed using a subregular solution model for α,EXG .
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To estimate the metastable  ε
AG0  and γ

BG0 , we again assume ideal solutions and thus we 

can make the following estimations: 






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
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00 ln
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A
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x
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          





××=

48.0
57.0ln15.325314.8  

           15.404 −= Jmol  

Similarly, 











= γ

ε
ε

(max)

(max)
max ln

B

B
B x

x
RTM  

         





××=

43.0
51.0ln15.325314.8  

          125.461 −= Jmol  
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4.3. Experimental Data 

4.3.1. Phase Equilibria 

A brief outline of the thermodynamic strategy used in this work is presented in this 

section.  Most of the descriptions of the enthalpies and transition temperatures were 

obtained from Murrill and Breed [36

42

] and are shown in Table 4-2.  The enthalpies and 

the phase transition temperatures for AMPL were taken from Murrill and Breed [ ].  

Data for AMPL reported by Ding [37] is higher than the data available in literature. The 

compound used by Salud et al. [38] was higher than that used in earlier works [39,40

44

]. 

The reason for the difference in the data can be attributed to this fact. The melting 

temperature of NPG reported by Ding [ ] was 399K. This value is lower than that 

reported in literature (402.8K) but is closer to the one reported in previous works [36] and 

also to the values reported by Sigma-Aldrich. This data has been used for the calculations 

in this work. Pure PE data has been used from Chandra et al. Enthalpies and phase 

transition temperatures for pure PE and NPG used for calculations were taken from 

Eilerman et al. [41

Table 4-2 Crystal structure, transition temperatures and thermal properties of NPG, 

AMPL and PE [

]   

42

Compound 

] 

Low temp. 
phases 

TTR(K) ΔHTR(J/mol) ΔSTR(J/mol 
K) 

High 
temp. 
phases 

TF 
(K) 

ΔHF(J/mol) ΔSF(J/mol 
K) 

AMPL Monoclinic 353 23330 66.01 BCC 471 5430 11.54 
NPG Monoclinic 313 13630 43.22 FCC 399 4600 11.83 
PE Tetragonal 461 41260 90.25 FCC 533 5020 9.45 

 



129 
 

4.3.2. AMPL-NPG binary phase diagram 

The data that is available for these kinds of organic systems are essentially the tie lines 

and invariant equilibria determined by using DSC and x-ray diffraction. For the AMPL–

NPG system, there are no reported experimental data on activities or heat of mixing etc. 

In this work, we have only used the data from the works by Chandra et al. [43] and Ding 

[44 43] for optimization. Chandra et al. [ ] and Ding [44] developed the experimental phase 

diagram of AMPL–NPG in 1991, subsequently by Barrio et al. [45] in 1994 and again by 

Salud et al. [46

43

] in 1997. Although the global features of the phase diagram were 

reproduced in all the previous works [ ] [44] [45] and [46], there were some significant 

differences between them. A comparison of the various invariant equilibria reported is 

shown in Table 5.  Comparing the data of Salud et al. [46], Chandra et al. and Ding [43] 

and [44], in Table 5 a 12 K difference in the eutectic temperature was found. In part, this 

difference in temperature can be attributed to the fact that Salud et al. [46] used 99.9% 

pure AMPL while all other works used 99% pure AMPL. For the present work 

experimental data from Chandra et al. [43] and Ding [44] were used for optimization. 

4.3.3. PE-AMPL binary phase diagram 

The PE-AMPL system has been calculated previously by Chellappa et al. [34] using the 

CALPHAD method.  Chellappa et al. used pure PE data from Chandra et al.  [47] and 

pure AMPL data from Barrio et al. [48 42] as well as Murrill and Breed [ ].  These values 

are listed in Table 4-2.   



130 
 

The calculated slopes for the liquidus and solidus boundaries for the two-phase γ+L and 

η+L systems were tested for thermodynamic consistency using the equation given in 

Pelton [49 49].  Pelton [ ] provides an exposition for checking the thermodynamic 

consistency of the slopes of phase boundaries in the liquidus region by determining the 

enthalpies of fusion from the slopes as follows: 

20
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0
)(

1
1

1
1 )(/)/()/( AFAFx

S
Ax

L
A TRHdXdTdXdT

AA
∆=− −

=
−
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4.3.4. PE-NPG binary phase diagram 

The PE-NPG binary phase diagram is reported by different groups with significant 

differences in their observations [50, 51, 52 50].  Barrio et al. [ ] reported the existence of 

an intermediate cubic phase.  They reported an invariant temperature as 70.6ºC (343.6K), 

produced by the presence of a new phase.  Teisseire et al. [52] also developed the PE-

NPG binary phase diagram using calorimetry and x-ray diffraction but they did not notice 

the presence of an intermediate cubic phase as reported by Barrio et al. [50].  Tesseire et 

al. [52] noted a solid-liquid phase at 165°C (438K) in the PE-NPG system, whereas 

Chandra et al. [53

50

] showed a two phase region consisting of two individual high 

temperature phase regions.  Barrio at al. [ ] proposed a PE-NPG phase in the 

temperature range from room temperature to 393K.  They observed invariant equilibria at 

343.6K which does not correspond to the phase diagrams proposed by Tesseire at al. and 

Chandra et al. [52,53].  The PE-NPG phase diagram by Chandra et al. [54

54

] was 

calculated using the FACT Sage program.  There is good agreement between the phase 

diagrams calculated by Chandra et al. and proposed by Tesseire et al. [ ,52].  According 

to Tesseire et al. a two phase region exists from room temperature to 36°C (309K), and a 
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small region on the NPG rich side consisting of a low temperature NPG single phase and 

a high temperature NPG phase [52].  The major difference between the two above 

mentioned phase diagrams are that Tesseire et al.[52] predicted a two phase (solid-liquid) 

region at about 163°C (436K), whereas Chandra et al. predicted the presence of a two 

phase region consisting of two high temperature solid phases belonging to PE and NPG 

each at the same temperature.  Barrio et al. pointed out that since the two substances are 

isomorphic at high temperatures a new phase might appear 

4.4. Results and Discussion 

4.4.1. Thermodynamic Analysis 

The binary systems were calculated first using ideal solution assumption with the 

inclusion of heat capacity. However, these results proved not to be satisfactory in the   

analysis.   Therefore, the excess parameters were calculated using experimental data. To 

determine the excess Gibbs energy parameters, a thermodynamic optimization utilizing 

all available experimental data is desired [55]. The optimization to determine the excess 

Gibbs energy parameters was carried out using the PARROT module of the Thermo-Calc 

software [56,57

4.4.2. AMPL–NPG binary system 

]. Henrian, regular and sub-regular solution models were used to evaluate 

the excess parameters for the various phases. The details are summarized in this section. 

The AMPL-NPG system shows limited miscibility, and the β and δ phases were assumed 

to be ideal ( 0, =βEXG and 0, =δEXG ).  The ε and θ phase were modeled as sub-regular 
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solution without temperature dependence.  The liquid phase was also assumed to be ideal.  

Table 4-3 lists the Gibbs energy equations for AMPL-NPG binary system.  

Table 4-3 Expressions for Gibbs energies of pure components (NPG-AMPL) 

No. Gibbs energy expression 
 NPG-AMPL 
1 00 =β

NPGG  
2 00 =δ

AMPLG  
3 7.81580 =δ

NPGG  
4 88.75050 =β

AMPLG  
5 )ln(99.27257.5106198.1621351.055.4313630 20 TTTTTGNPG −−++−=ε  
6 )ln(11048.7309746.949275.001.6623300 20 TTTTTGAMPL −−+−−=η  
7 25.461)ln(99.27257.5106198.1621351.055.4313630 20 +−−++−= TTTTTGNPG

η  
8 55.404)ln(11048.7309746.949275.001.6623300 20 +−−+−−= TTTTTGAMPL

ε  
9 )ln(613.34968.6984938.2098425.02.5518315 20 TTTTTG L

NPG −−++−=   
10 )ln(44.1197.7895362.102629.077.734.26291 20 TTTTTG L

AMPL −−+−−=   

 

For φ(φ=ε,η), GEX,φ=xAxB(L0
φ+L1

φ(xA−xB)), L0
φ and L1

φ are constants which have to be 

optimized for. 

Figure 4-2 shows the optimized phase diagram of AMPL-NPG.  The optimization was 

carried out using the PARROT module of Thermo-Calc software. The expressions 

determined for the excess Gibbs energies are given below: 

GEX,δ=0 

GEX,θ=0 

GEX,L=0 
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GEX,ε=xAxB(75.6−528.2(xA−xB)) 

GEX,η=xAxB(162.5+598.7(xA−xB)). 

 

Figure 4-2 Optimized binary phase diagram of AMPL-NPG 

The AMPL-NPG phase diagram reported earlier [33], agrees mostly with the 

experimental phase diagram, but invariant equilibria temperatures differed by 3-7K. 

Salud et al. re-determined the AMPL-NPG system was because of incoherencies in 

earlier reported works [32].  Chellappa et al. [33] have reported interesting comparisons 

between the excess parameters reported in their work, with that reported by Salud et al. 

[32].  The low temperature phases were assumed to be ideal in both cases as well as this 
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work.  This assumption was made because of limited miscibility of the low temperature 

phases.  Temperature dependence has not been taken in to account for the determination 

of excess Gibbs energy parameters.  The calculation of the AMPL-NPG binary phase 

diagram in this work, involved the use of the calculated phase diagram reported by 

Chellappa et al. [33].  Table 4-4 lists the invariant equilibria in the AMPL-NPG system.  

The binary phase diagram in this work was calculated for the assessment of the ternary 

system (PE-NPG-AMPL). 

Table 4-4 Comparison of calculated and experimental invariant equilibria 

Invariant equilibria XB (Mole fraction of NPG) Temperature 
  α γ β  
α+β→γ (E) 0.03 0.70 0.95 293.15 [43] and [44] 
(Eutectoid 1) (C) 0.03 0.71 0.96 290.96 
 (E) 0.05 0.75 0.92 293.7 [46] 
 (C) 0.09 0.79 0.98 300.5 [46] 
 (E) 0.06 0.54 0.92 293.7±1.0 [45] 
  α γ′ γ  
α+γ→γ′ (E) 0.05 0.43 0.51 323.15 [43] and [44] 

(Eutectoid 2) (C) 0.02 0.43 0.56 323.63 
 (E) 0.06 0.46 0.51 325.0  [46] 
 (C) 0.04 0.40 0.42 332.5 [46] 
 (E) 0.07 0.46 0.51 325.0±1.2 [45] 
  γ′ L γ  
γ+γ′→L (E) 0.45 0.47 0.49 365.15 [43] and [44] 
(Eutectic) (C) 0.44 0.48 0.55 367.74 
 (E) 0.38 0.42 0.44 377.5 [46] 
 (C) 0.41 0.42 0.44 380.8 [46] 
 (E) 0.39 0.42 0.44 363.9±1.4 [45] 
 E: Experiment, C: Calculation. 
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The activity of the AMPL-NPG mixture has been calculated from the excess Gibbs 

energy parameters.  

 

Figure 4-3 Activities of AMPL and NPG at 340K 

 

4.3.2. PE–AMPL binary system 

The optimization of the PE-AMPL binary phase diagram was carried out using sub-

regular solution models for the high temperature phases (γ and η).  Regular solution 

model was assumed for the low temperature phases (α and δ), and the liquid solution was 

assumed to be ideal.  In fact, most phase diagram calculations for these binary organic 
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systems utilize temperature dependent sub-regular solution for high temperature 

phases [38,39 and 40]. The optimized phase diagram is presented in figure 4-4a. 

 The ideal solution assumption is used for estimation of the Gibbs energies of the 

metastable phases.  The following are the final optimized parameters for the PE–AMPL 

binary system: 

GEX,α=xAxB(28 452−91T) 

GEX,δ=xAxB(45 753−138T) 

GEX,γ=xAxB((−13 415+28T)−1513(xA−xB)) 

GEX,η=xAxB((1109−5T)−235(xA−xB)) 

GEX,L=0 

The interaction parameters were very close to the ones reported by Chellappa et al. for 

the calculation of the PE-AMPL system using the CALPHAD method and Thermo-Calc 

software [34].  Table 4-5 shows experimental invariant equilibria for the PE-AMPL 

system. 

 

Table 4-5 Experimental invariant equilibria 

Invariant equilibria X (mole fraction 
AMPL) 

Temperature 
(K) 

 α  δ  η   
δηα →+  

(Peritectoid) 
0.35 0.9 0.95 357 

 α  γ  η   
ηαγ +→  

(Eutectoid) 
0.2 0.6 0.65 423 

 γ  η  L   
ηγ →+ L  

(Peritectic) 
0.5 0.53 0.55 457 
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Figure 4-4a Binary phase diagram of PE-AMPL (optimized) 

 

The low temperature peritectoid was not shown by Russell [29].  Chellappa et al. [33] 

attributed this to the use of incorrect pure AMPL transition temperature (357K) by Ding 

[44].  The use of the correct transition temperature (353K) provided by Sigma-Aldrich 

company, shows the existence of a peritectoid.  Table 4-6 lists the Gibbs energy 

equations for the PE-AMPL binary system.  The calculated PE-AMPL phase diagram 

agrees with that calculated by Chellappa et al. using CALPHAD method, that the two 

phase region δ+η (in this case), cannot exist above the invariant temperature. 
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This two phase region has to be below the invariant temperature, in order to agree with 

Gibbs phase rule.  Table 4-5 shows the Gibbs energy equations used for the calculation of 

PE-AMPL binary phase diagram. 

Russell [29] did not report the low temperature peritectoid; this is attributed to using the 

incorrect pure AMPL transition temperature of 357 K reported in Ding [58

29

]. This value is 

the same as the invariant temperature that she determined using DSC and x-ray analysis.  

A careful survey would have revealed that the value reported in the literature as well 

given by Sigma-Aldrich is 353 K.  In this work, we have used this value to show the 

existence of a peritectoid.  Also, the two-phase region of β+η reported by Russell [ ] 

above the invariant temperature is not possible, since it violates the Gibbs phase rule; this 

two-phase region has to be below the invariant temperature.  The global features of the 

experimental PE–AMPL binary phase diagram are not well represented using the ideal 

solution assumption as compared to the NPG–AMPL [59

Table 4-6 Expressions for Gibbs energies of pure components (PE -AMPL) 

] binary system.  

No. Gibbs energy expression 
1 00 =α

PEG  
2 00 =δ

AMPLG  
3 43810 =α

AMPLG  
4 77950 =δ

PEG  
5 )ln(35.109372.27249278.6794089.15.8941260 20 TTTTTGPE −−++−=γ  
6 )ln(11048.7309746.949275.001.6623300 20 TTTTTGAMPL −−+−−=η  
7 439)ln(35.10937.27249278.6794089.15.8941260 20 +−−++−= TTTTTGPE

η  
8 2.324)ln(11048.7309746.949275.001.6623300 20 +−−+−−= TTTTTGAMPL

γ  
9 )ln(015.118062.2371514.71193765.192.9846280 20 TTTTTG L

PE −−++−=   
10 )ln(44.1197.7895362.102629.033.734.26291 20 TTTTTG L

AMPL −−+−−=   
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This preliminary calculated phase diagram with the ideal solution assumption showed 

that there is no γ+η two-phase region and the liquid phase penetrates into the low 

temperature α phase. But this calculation gave us important clues regarding the behavior 

of high temperature phases. Pelton [60

60

] systematically explained the influence of regular 

solution parameters on phase boundaries. It was clear that, at least, using positive regular 

parameters for γ and η, we can make the liquid phase ‘not penetrate’ into the low 

temperature α phase; thus representing the true behavior of the system. In the same 

paper [ ], Pelton describes the need for sub-regular parameters when the behavior of 

system is not symmetric with respect to concentration. This is indeed the case with PE–

AMPL which does not exhibit symmetrical behavior like NPG–AMPL. Therefore, it was 

decided to use to sub-regular parameters for the high temperature γ and η phases. 

 

 

Figure 4-4b Activities of PE and AMPL at 340K 
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Russell [29] did not report the low temperature peritectoid; this is attributed to using the 

incorrect pure AMPL transition temperature of 357 K reported in Ding [44]. This value is 

the same as the invariant temperature that she determined using DSC and x-ray analysis. 

A careful survey would have revealed that the value reported in the literature as well 

given by Sigma-Aldrich is 353 K.  In this work, we have used this value to show the 

existence of a peritectoid.  Also, the two-phase region of β+γ′ reported by Russell  [29] 

above the invariant temperature is not possible, since it violates the Gibbs phase rule; this 

two-phase region has to be below the invariant temperature. The calculated activities for 

the for the PE-AMPL system are shown in Figure 4-4b. 

4.3.3. PE–NPG binary system 

The PE-NPG system was optimized using Henrian solution model with temperature 

dependence.  The optimized parameters for the binary system are given below; 

GEX,α=xAxB(20000-40T) 

GEX,β=xAxB(25000−10T) 

GEX,ε=xAxB(1341)  

GEX,γ=xAxB(1028) 

GEX,L= xAxB (2471.8) 

The calculated PE-NPG system resulted in a complex phase diagram depicted in Figure 

4-4a Tesseire et al. [44] noticed a solid-liquid phase at 165°C (438K), whereas Chandra 

et al. [22] noticed a two phase region consisting of two individual high temperature phase 

regions.  Barrio at al. [17] proposed a PE-NPG phase in the temperature range from room 
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temperature to 393K.  They observed invariant equilibria at 343.6K which does not 

correspond to the phase diagrams proposed by Tesseire et al. and Chandra et al. [35, 44].  

The PE-NPG phase diagram by Chandra et al.was calculated using the FACT Sage 

program.  There is good agreement between the phase diagrams calculated by Chandra et. 

al. and proposed by Tesseire et al.  According to Tesseire et al. a two phase region exists 

from room temperature to 36°C, and a small region on the NPG rich side consisting of a 

low temperature NPG single phase and a high temperature NPG phase [44].  Table 4-7 

shows the Gibbs energy expressions for the PE-NPG system.   

Table 4-7 Expressions for Gibbs energies of pure components (PE-NPG) 

No. Gibbs energy expression 
 PE-NPG 
1 00 =α

PEG  
2 00 =β

NPGG  
3 TGPE 10250000 −=β  
4 TGNPG 40200000 −=α  
5 )ln(35.10937.2724927.6794089.15.8941260 20 TTTTTGPE −−++−=γ  
6 1341)ln(35.10937.2724927.6794089.15.8941260 20 +−−++−= TTTTTGNPG

γ  
7 1028)ln(9.2725.5106198.162135.054.4313630 20 +−−++−= TTTTTGPE

ε  
8 )ln(9.2725.5106198.162135.054.4313630 20 TTTTTGNPG −−++−=ε  
9 )ln(613.34969.6984938.2098425.02.5518315 20 TTTTTG L

NPG −−++−=   
10 )ln(015.11863.23715164.71193765.192.98.46280 20 TTTTTG L

PE −−++−=  
 

 

The calculated binary phase diagram for PE-NPG is shown in Figure 4-5a.  The major 

difference between the two above mentioned phase diagrams are that Tesseire et al. [44] 

predicted a two phase (solid-liquid) region at about 163°C, whereas Chandra et al. 

predicted the presence of a two phase region consisting of two high temperature solid 
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phases belonging to PE and NPG each at the same temperature.  Barrio et al. pointed out 

that since the two substances are isomorphic at high temperatures a new phase might 

appear.  The reason that PE and NPG do not form a completely miscible solid solution in  

 

Figure 4-5a Optimized binary phase diagram for PE-NPG system 

the high temperature region, unlike PE-PG and PG-NPG in spite of having the same 

crystal structure (FCC) is because of the nature of molecular bonding of the two O-H…O 

bonds of  NPG with the PE.  Let us consider a case of a 40% PE-60% NPG binary alloy, 

in which we have 90 weight% γ and 10 weight % α at the eutectoid temperature of ~40oC 

(313K).  The composition of γ-phase is 35 % PE and that of the α-phase is 84% PE. As 
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we increase the temperature above the eutectoid temperature of 167oC (440K), say to 

177oC (450K), the γ phase continues to be stable, and all of α phase has transforms to ε.  

The composition of the γ-phase is still remains at 35% PE, but the composition of new ε-

phase is now 50% PE. Thus at 177oC we will have 30 wt.% of ε and 70 wt.% of γ (by the 

lever rule).  Thus, the original 10 weight% of α phase (that was below the eutectoid line) 

converts to 30 weight% ε phase; the composition of ε decreases from 90 weight% to 70 

weight%, and in addition (20 weight% of γ phase also converts to ε phase).  The 

molecular structure of NPG has 2 –OH and 2 –CH3 groups, as compared to PE that has 4 

–OH groups. When PE and NPG molecules bond in the high temperature phases, there is 

an increase in the –CH3 dangling bonds, and the differences in the in the vibrational 

motions of the PE and NPG solid solution phases [34] results in limited miscibility and 

the formation of a two, γ+ε, phase region is observed. Figure 4-5b shows the activity plot 

for PE and NPG, calculated from the interaction parameters. 

 

Figure 4-5b Activities of PE and NPG at 340K 
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4.3.4. Ternary PE-NPG-AMPL 

The binary phase diagrams have been calculated using a straight forward assessment of 

the metastable Gibbs energies along with optimization and estimation of interaction 

parameters.  The binary phase diagrams are then used to calculate the ternary system (PE-

NPG-AMPL).  The following assumptions were made in order to estimate the number of 

phases present in the system: 

• Low temperature PE has tetragonal crystal structure, NPG has monoclinic and 

AMPL also has monoclinic structure for the low temperature phases.  In spite of 

AMPL and NPG being monoclinic, there is very limited solubility between the 

two compounds as can be seen from the AMPL-NPG phase diagram.  So, it is a 

reasonable assumption that that the low temperature for the ternary phases consist 

of three phases (which are predominantly PE, NPG and AMPL depending upon 

composition), since there is limited solubility among the phases (i.e. no 

completely miscible solid solution as in PE-PG and high temperature PG-NPG). 

• Crystal structures for high temperature PE, NPG and AMPL are FCC, FCC and 

BCC respectively.  Although PE and NPG are both FCC at high temperatures, 

they do not form a completely miscible solid solution, and there is a small two 

phase region γ+ε.  This can be attributed to syncrystallization effect and the 

number of OH and CH3 bonds in the compounds (this has been described in the 

PE-NPG binary phase diagram section).  PE-AMPL binary system has two 

distinct high temperatures and the same pattern is also see in AMPL-NPG.  

Hence, it is assumed that there are three high temperature phases in the PE-NPG-
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AMPL system.  Figure 4-5c depicts the projection of phases of the binary phase 

diagrams on to a ternary isotherm. 

 

 

Figure 4-5c Binary phases projecting on to ternary isotherm at 400K 

 

Figure 4-6 shows the isotherms for PE-NPG-AMPL at various temperatures.  Isopleths or 

pseudobinary phase diagrams are plotted to determine continuous phase transitions in the 
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PE-NPG-AMPL ternary system, at constant composition.  Figure 4-7 shows two isopleths 

and a corresponding isotherm at 300K.  In both isopleths AMPL composition is kept 

constant (0.5 and 0.2 mole fraction).  A composition is picked 

(0.5AMPL/0.25PE/0.25NPG) at 300K.  at that specific composition and temperature, the 

isopleth as well as the isotherm shows a three phase region (α+δ+ε).   

Similarly, at 0.2AMPL/0.4PE/0.4NPG and 300K, the point lies in a two phase region 

(α+ε).  The isopleths are pseudobinaries where composition is plotted against 

temperature.  Keeping the composition fixed and increasing the temperature can show the 

continuous phase transitions taking place for that particular composition.  For example, at 

0.5AMPL/0.1NPG/0.4PE, a three phase region (α+β+δ) exists at room until room 

temperature.  This three phase region then transforms from α+β+δ to α+δ+ε, where the β 

phase transitions in to ε (low temperature NPG to high temperature NPG) at 296K.  This 

can be explained as the contribution of the AMPL-NPG binary system to the ternary.  

The α+δ+ε the transforms in to α+γ at 348K.  At 357K, α+γ is becomes L+α+γ, as liquid 

phase starts to appear at this temperature.  This is due to the low melting point of AMPL.  

The L+α+γ three phase region exists as a small sliver and then becomes L+ α, when the γ 

phase completely melts.  At 422K L+ α transforms in to η+γ, and then to γ at 453K.  γ 

phase is stable until 478K, and then becomes liquid.  Similarly, at 

0.2AMPL/0.4PE/0.4NPG, α+β+δ three phase region is stable till 297K, and then 

transforms on to α+δ two phase region.  This two phase region then converts to α+ε at 

312K.   
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Figure 4-6 Isotherms for PE-NPG-AMPL ternary system 
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Figure 4-7 Isopleths at 0.5AMPL/0.5PE-NPG and 0.2AMPL/0.8PE-NPG and 
isotherm at 300K 

 

The α+ε two phase region is table for a aide temperature range (312-426K).  Then it 

transforms in to α+ε+γ, which is stable up to 429K, and then becomes γ until 447K and 

then liquid phase starts appearing as L+γ.  The L+γ is stable till 495K and then becomes 

completely liquid. Table 4-8 shows the phase transitions occurring in the PE-NPG-AMPL 

ternary system 

Table 4-8 Phase transitions occurring in the PE-NPG-AMPL ternary system.  

XPE XNPG Phase transitions 

0.7 0.1 

LLaL
L

KKKK

KKKK

 →+ → →+ →+

 →++ →+ →+ →++
505494450421

384382323297

γγγα

εαεαδαδβα
 

0.6 0.2 

L
LL

La

K

KKKK

KKKK

 →

+ → →+ →++ →+

 →++ →+ →+ →++

502

4794488.422422

403398318237

γγγαγεαα

εαεδαδβα

 



149 
 

0.35 0.15 

LLL
L

KKK

KKKK

 →+ → →++

 →+ →++ →++ →++
477438423

415353348297

γγγη

αεγαεδαδβα

 
0.1 0.4 

LLL
L

KK

KKKK

 →+ →+

 →++ →+ →++ →++
431420

3813376338297

γα

εαεαεδαδβα

 
0.2 0.6 

LLLL KKK

KKKK

 →+ →++ →+

 → →+ →++ →++
452448447

432427299297

γγεε

εεαεβαδβα
 

 

4.3.5. Activity Calculations 

Interaction parameters are numerical coefficients introduced by Wagner [61

j
j

ii
i
iii XX εεγγ ++= 0lnln

], to allow a 

limiting expression of activity coefficient in terms of solute concentrations.  For a ternary 

system, this can take the form 

 

Where ε’s are the interaction parameters, the X’s are the mole fractions of the two 

solutes, and 0
iγ  is th activity coefficient of the i-th component. In a sense, the interaction 

parameters define the strength between the solute species.  Numerical values for 

interaction parameters can be evaluated from electromotive force measurements.   But in 

this work, interaction parameters are calculated using the PARROT module in the 

Thermo-Calc software.   

Application of Krupkowski’s formalism 

Krupkowski’s formalism [62] can be applied to evaluating activity coefficients in 

multicomponent systems from data for the pertinent binary systems.  This method is used 
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for the calculation of ternary activity coefficients from binary data, since no ternary 

experimental data is available for PE-NPG-AMPL system and the ternary interaction 

parameter id considered zero.  For binary solutions the following equations are used; 













−
+−

−
−−= −

1
1)1(

1
)1()(ln 1

jk

m
k

jk

jkm
kjkj m

X
m

m
XT jkjkωγ  

jkm
Kjkk XT )1)((ln −= ωγ  

where:  

jγ , kγ =activity coefficients of the component j and k 

jkω =function of binary solutions dependent on temperature 

jkm =experimental asymmetry coefficient independent of temperature 

Since, this work provides only calculated values of activity, the experimental asymmetric 

coefficient ( jkm ) is assumed to be unity.  It should be noted that while using this data for 

comparison with experiments jkm should be accounted for. 

According to Krupkowski’s formalism the equation for activity in coefficient in 

multicomponent system takes the form,  

∑
≠
=

=
n

kj
kj

kjii
1,

,][lnln γγ  

where, kji ,][lnγ  is the partial contribution of binary solutions.   
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The procedure for calculating ternary activity from binary data has been previously 

described in literature [63 iγln], and allows operation of at any chosen composition.  The 

relation for PEγln  can be described as: 

AMPLNPGPEAMPLNPG

AMPLPEAMPLPEAMPLPEPEAMPLPE

NPGPENPGPENPGPEPENPGPEPE

XXX
XXXXX

XXXXX

)1(
)1()1(

)1()1(ln

−−
−+−−

−+−−=

−

−−

−−

ω
ωω

ωωγ
 

 

Table 4-9 Activity of PE (at 0.06 XPE) at 460, 500 and 640K 

xNPG xAMPL 
460K 

ln γ(PE) 
500K 

0.01 0.94 2.168398 2.261424 2.587013 

0.15 0.84 1.94679 2.029919 2.32087 

0.25 0.74 1.724401 1.797634 2.053949 

0.35 0.64 1.503497 1.566834 1.788511 

0.45 0.54 1.283719 1.337159 1.5242 

0.55 0.44 1.064708 1.108251 1.260655 

0.65 0.34 0.846103 0.87975 0.997517 

0.75 0.24 0.627546 0.651297 0.734426 

0.85 0.14 0.408678 0.422533 0.471025 

0.95 0.04 0.18914 0.193098 0.206953 

0.94 0.01 0.118332 0.119321 0.122785 
 

 

640K 
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4.5. Conclusions  

The phase diagram for the AMPL–NPG system was calculated utilizing a simple 

estimation for metastable Gibbs energies, in combination with thermodynamic 

optimization. The low-temperature α and β phases and the liquid phase were assumed to 

be ideal. An initial assumption of ideality in the high-temperature phases is used only to 

estimate the metastable Gibbs energies. The nonideality of the high temperature solution 

phases have been modeled as subregular solutions. The optimization using Thermo-Calc 

software included data from the phase diagram only (tie lines and invariant equilibria 

composition and temperatures). There is good agreement between the calculated and 

experimental phase boundaries and invariant equilibria. The agreement between the 

calculated and measured values of the enthalpies of fusion is not very good but 

reasonable especially since the measured values were not used in the thermodynamic 

optimization. 

The magnitude of heat capacities (245–475 J mol−1 K−1) for these organic plastic crystals 

is relatively high and they result from sharp increases during the solid–solid phase 

transitions. Such changes become significant since they also have low melting 

temperatures (400–500 K). These effects can become important when making an initial 

phase diagram calculation in the absence of any experimental phase diagram data and 

help us narrow down the expected phase diagram behavior. 

The metastable Gibbs energies of pure components were determined assuming ideal 

solutions. The regular and sub-regular excess Gibbs energy parameters were optimized 

for using the PARROT module of Thermo-Calc. The liquid phase was assumed to be 
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ideal. The calculated invariant equilibria and tie-line temperature and compositions from 

the optimized phase diagram are in good agreement with the experimental values. The 

enthalpies of fusion are also in reasonable agreement with the experimental values. 

In contrast to the case for the NPG–AMPL binary system, the heat capacities did not play 

a significant role in the calculated binary phase diagram assuming ideal solution for all 

phases. This can be attributed to the fact that the solution phases of PE–AMPL are highly 

non-ideal and this non-ideality has a dominating effect rather than inclusion of heat 

capacities. Nevertheless, the knowledge of the heat capacities has been included in 

determining the Gibbs energies of the pure components.  The PE-NPG-AMPL ternary 

system has been calculated using the CALPHAD method using available experimental 

binary phase diagram data.  The activity of PE in liquid PE-NPG-AMPL is calculated 

using Krupkowski’s formalism.  The isopleths provide important information on the 

phase transitions happening in the system. There is no record of any experimental data 

published for this particular ternary system.  The calculated PE-NPG-AMPL ternary 

phase diagram might be useful to provide valuable information regarding phase 

transitions and microstructure evaluation for this alloy. 
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Chapter V   Phase diagram calculations of pentaglycerine-

neopentylglycol-2-amino-2methyl-1,3, propanediol (PG-NPG-

AMPL) ternary system 
 

 

 
The calculation of the PG-NPG-AMPL system involved PG-AMPL, NPG-AMPL and 

PG-NPG binaries.  The PG-NPG binary phase diagram has been calculated and discussed 

in chapter 3, whereas, the AMPL-NPG phase diagram has been described in detail in 

chapter 4.  In this chapter, the PG-AMPL binary phase diagram is calculated and then 

extrapolated in to the ternary (PG-NPG-AMPL system) 

The calculation procedure is similar to the ones used for the other binary systems; and 

involves the calculation of metastable phases.  

A thermodynamic analysis of the pentaglycerine-neopentylglycol-2-amino-2methyl-1,3, 

propanediol ternary system has been performed by using the CALPHAD approach. 

Because of the lack of experimental information available for the ternary system, binary 

phase diagrams of PG-NPG, PG-AMPL and AMPL-NPG were calculated using the 

CALPHAD method and optimized using the PARROT program in Thermo-Calc. 

Available experimental was used for the optimization method and estimation of excess 

energies for the binaries. The calculated phase diagrams were in good accordance with 

previous experimental results. The ternary PG-NPG-AMPL as well as the binaries was 

calculated from room temperature to the liquid phase.  Substitutional solution model was 

assumed for optimization of interaction parameters.  
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5.1. Computational Procedure 

5.1.1. Thermodynamic Modeling of Solution Phases 

The most relevant features of the description of the thermodynamic parameters are 

discussed for the present purpose. The low temperature phases are characterized by α or 

β, the high temperature phases are designated as γ, γ`, and the liquid phase as L.  For 

simplicity PG is represented by A, PG as B and AMPL as C.  Table 5-1 shows the list of 

symbols used to describe the phases on the PG-NPG-AMPL ternary phase diagram. 

Table 5-1 List of symbols for PG-NPG-AMPL ternary system 

 

 

 

 

 

 

A CALPHAD type optimization using regular and subregular solution model is 

considered to be adequate to describe the Gibbs energies of different phases. The low 

temperature “Phase II” are represented by α or β and the high temperature phases are 

represented as γ or γ`. The liquid phase is designated as “L”. 

If the reference state for each phase is taken to be that of the pure components in that 

phase, then the Gibbs energy of a solution phase φ  (φ  =α, β, γ, γ` , L) can be represented 

Symbol Phase 
Liq or L Liquid 

α Low temperature PG phase 

β Low temperature NPG phase  

δ Low temperature AMPL phase 

γ High temperature PG, NPG 
phase 

γ` High temperature AMPL phase 

L Liquid phase 
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as follows (unit of Gibbs energy is J mol-1 throughout this work, where a mol is a mole of 

formula unit): 

φφφφφ ,000 )lnln(ln EX
CBACCBBAA GxxxRTGxGxGxG +++++++=         (1)  

Where φ  =α, β,  γ, γ`,  L, R  =8.314 J mol-1 K-1, Ax  is the mole fraction of “A”, Bx is the 

mole fraction of “B” and Cx  is the mole fraction of “C”.  φ
AG0  , φ

BG0  and φ
CG0  are the pure 

component Gibbs energies inφ .  

The excess Gibbs energy for a binary system A-B, can be demoted as; 

))(( 10
BAABABBA

xs
mix xxLLxxG −+=                                                             (2) 

The binary interaction parameters for excess Gibbs energies, φ
jiL , can be expressed as 

follows: 

)(
0

,, ji

m

n
ji

n
ji xxLL −=∑

=

φφ  

The ternary excess Gibbs free energy is written as follows: 

))((

))(())((
10

1010

CAACACCA

CBBCBCCBBAABABBA
xs
mix

xxLLxx
xxLLxxxxLLxxG

−++

−++−+=
      (3) 

The binary and the ternary interaction parameters φ
ji

n L , and φ
kji

n L ,, take the following form: 

97312)ln( hTgTfTeTdTTcTbTaLm
n +++++++= −φ  

where a,b,c,d,e,f,g and h are the excess Gibbs energy parameters.  In most cases only the 

first two terms of the above equation are used. 
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For a phase φ  (φ  =α, β, δ, γ, ε, η, L), φ
AG0 , φ

BG0  and φ
CG0 are the reference states of pure 

“A”, “B” and “C”, same as φ .  A single reference phase is chosen for each component. 

The reference phases were chosen and denoted as: α for “A”, β for “B” and δ for “C” and 

set to zero. 

Therefore, 

00 =α
AG , 00 =β

BG and 00 =δ
CG                               (4)       

The binary phase diagrams are calculated first and extrapolated to a ternary system. 

The stable phases for “A” and B are α, and γ, and β and γ` for “C”.  Gibbs energies of the 

other phases in terms of these reference states can be represented as: 

For system A-B (PE-PG), the Gibbs energies of the other phases in terms of the reference 

phases can be represented as: 

γαγααγ →→ ∆=∆+= AAAA GGGG 0000                                  (5) 

L
AA

L
AA

L
A GGGGG →→→ ∆+∆=∆+= αγααα 00000                   (6) 

γβεββε →→ ∆=∆+= BBBB GGGG 0000                                  (7) 

L
BA

L
BB

L
B GGGGG →→→ ∆+∆=∆+= βεβββ 00000                  (8) 

The pure Gibbs energies were determined using the heat capacity data.  So, for 

component “A” the Gibbs energies of the stable phases are: 

γαγααγ →→ ∆=∆+= AAAA GGGG 0000
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Similar expressions can be obtained for Gibbs energies of stable phases of “B” and “C”. 

 

5.1.2. Metastable Phase Calculations 

Metastable phases are only calculated for the PE-AMPL system and PG-NPG system.  

The PE-PG shows complete miscibility for both low and high temperature phases.  The 

Gibbs energies for metastable phases are estimated by modifications to the stable phases.  

For example, for “ A” in β phase, we are interested in determining the difference,

αβ
AA GG 00 − , such that we can express, 

βαβ
AAA MGG += 00   

The Gibbs energy of the β phase, β
mG , can now be written as:  

βββ

βββαβ

,

,00

)lnln(

)lnln()(
EX

CCAAAAm

EX
CCAACCAAAm

GxxxxRTMxG
GxxxxRTGxMGxG

++×+=

++×+++=
 

Similarly for the α phase, we can write the Gibbs free energy, α
mG , as:  

ααβ

ααβαα

,

,00

)lnln(

)lnln()(
EX

BBAABBm

EX
BBAABBBAAm

GxxxxRTMxG
GxxxxRTMGxGxG

++×+=

++×+++=
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To estimate β
AM  and α

CM , α and β phases are assumed to be ideal solutions. It should be 

noted that this assumption is based only for the purpose of calculating the metastable 

phases.  

Therefore, the partial molar Gibbs free energies can be written as: 

)ln(

)ln(
0

0

ααα

βββ

BBB

BBB

xRTGG
xRTGG

+=

+=
 

Where, β
BG and α

BG are the Gibbs energies of “B” in the β and α phases respectively.  At 

equilibrium, β
BG = α

BG , the following estimation can be made at the temperature of 

maximum solubility, T=Tmax, 

The assumption that α and β phases are ideal solutions is used only to describe the 

metastable pure Gibbs energies α
BG0  and β

AG0 .  The nature of non-ideality of α phase can 

still be expressed using a subregular solution model for α,EXG . 

 

5.2. PG-AMPL binary phase diagram  

The experimental PG-AMPL binary phase diagram was reported by Salud et al. in 1997 

[1].  They established the phase diagram from room temperature to the liquid state using 

thermal analysis and X-ray powder diffraction techniques.  They discussed the 

intermolecular interactions in the orientationally disordered mixed crystals by analyzing 

the evolution of the packing coefficient as a function of the composition.  They analyzed 

the phase diagram thermodynamically using the enthalpy-entropy compensation theory.  
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From the Guinier-Simon patterns, they determined the existence of a two-phase domain 

[M1+Q], the disappearance of the cubic C1 phase, and giving rise to a [M1 + C1] domain.  

At 330K, they noticed the disappearance of the M1 phase.  At X=0.55 (mole fraction PG), 

as the temperature increased, they noticed the transition from [M1+Q] to [Q+C1] at 321K.  

At the same composition in the mixture the C1 phase disappeared and CF appeared at 326-

328K, giving rise to a [Q+CF] two-phase domain.  At higher temperatures, 

transformations of the [Q+CF] domain to [CF] on-phase domain (to an orientationally 

disordered molecular alloy).  They were not able to make a proper determination of the 

transition from plastic crystalline solid to liquid.  Salud et al. [1] attribute this to the large 

differences in vapor pressure.  Determination if these characteristics of the phase diagram 

were made by diffraction as a function of temperature.  They also did diffraction at 

constant temperature because, they wanted to determine the existence of close eutectoid 

invariants, and to delimit the range of the [M1+Q] and [C1+CF] two-phase region.   

Tamarit et al. [2] showed that the intermolecular interactions by hydrogen bonds play an 

important role in the orientationally disordered phases.  Salud et al. [1] studied the 

packing coefficient evolution for PG-AMPL and observed that the total number of groups 

able to form hydrogen bonds are equal; two CH2OH groups and one NH2 group in the 

AMPL molecule and three CH2OH groups in the PG molecule.  They also showed that 

the substitution of the molecules did not produce any significant changes in the 

intermolecular interaction scheme.  They also emphasized the relatively high values of 

the packing parameter for the pure compounds as well as for their alloys, which ruled out 

incompatibility between high packing and the existence of orientational disorder [3].  

Salud et al. [1] used the enthalpy-entropy compensation theory [4] to thermodynamically 
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analyze the phase diagram.  Since excess enthalpy data are hard to obtain, they measured 

the heat of melting as a function of the mol fraction for the PG-AMPL system in each 

solid solution domain.  They assumed temperature independent enthalpy form and 

nonexistence of excess values for the liquid solution.  The excess enthalpy for each solid 

solution was obtained by fitting a second-order polynomial to the experimental data.  

They calculated the phase diagram using the Pro Phase program [5

 

].  The calculated PG-

AMPL phase diagram (this work) is shown in figure 5-1. 

Figure5-1 PG-AMPL phase diagram (optimized) 
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5.3. AMPL-NPG binary phase diagram  

The AMPL-NPG binary phase diagram has been described in chapter 4. It should be 

noted that the notation of the phases have been changed in order to show the binary phase 

projections on to the ternary. Figure 5-2 shows the AMPL-NPG binary phase diagram.  

 

 

 

Figure 5-2 AMPL-NPG binary system (calculated, this work) 
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5.4. PG-NPG binary phase diagram  

The PG-NPG binary phase diagram has been calculated and optimized in chapter 3 and is 

depicted in figure 5-3. 

 

 

 

Figure 5-3 PG-NPG phase diagram 
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5.4. PG-NPG-AMPL ternary phase diagram  

The ternary phase diagram was calculated using Gibbs energy equations for the pure 

compounds.  Table 5-2 lists the Gibbs energy equations used to calculate the PG-NPG-

AMPL ternary phase diagram.  It is predicted that three low temperature phases exist, and 

two high temperature phases.  This assumption was based on the PG-NPG binary phase 

diagram (completely miscible solution of high temperature phase). 

Table 5-2 Gibbs energy expressions for PG-NPG-AMPL 

No. Gibbs energy expressions 
1 00 =α

PGG  
2 00 =β

NPGG  
3 00 =δ

AMPLG  
4 56.33070 =β

PGG  
5 64.9860 =α

NPGG  
6 7.81580 =δ

NPGG  
7 86.46600 =α

AMPLG  
8 12.65350 =δ

PGG  
9 8.75050 =β

AMPLG  
10 )ln(9.27257.5106198.1621351.055.4313630 20 TTlTTTGNPG −−++−=γ  
11 25.461)ln(9.27257.5106198.1621351.055.4313630 2`0 +−−++−= TTlTTTGNPG

γ  
12 )ln(11048.7309746.949275.001.6623300 2`0 TTTTTGAMPL −−+−−=γ  
13 45.83055.404)ln(11048.7309746.949275.001.6623300 20 ++−−+−−= TTTTTGAMPL

γ  
14 =γ

AMPLG0 445.830)ln(11048.7309746.949275.001.623300 2 +−−+−− TTTTT  
15 TGPG 29.65231200 −=γ  
16 62.100829.65231200 +−= TGPG

γ  
17 TGL

PG 83.76285500 −=  
18 )ln(613.34968.6984938.2098425.02.5518315 20 TTTTTG L

NPG −−++−=  
19  )ln(44.1197.7895362.102629.077.734.26291 20 TTTTTGL

AMPL −−+−−=  
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Figure 5-4 Binary phases projecting on to ternary (PG-NPG-AMPL) phase diagram 

 

Figure 5-4 depicts how the three binary phase diagrams extrapolate in to ternary phase 

diagram. It can also be seen from the figure that the assumption (that there are only twp 

high temperature phases) is reasonable.  No separate new phase exists in the ternary 

phase diagram.  All the phases are projections of the binary phase diagrams. Figure 5-5 

shows several isotherms of the PG-NPG-AMPL ternary phase diagram over a 
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temperature range.  The appearance of liquid phase at lower temperatures (compared to 

PE-PG-NPG) is due to the lower melting point of AMPL. 

 

 

Figure 5-5 Isotherms of PG-NPG-AMPL over a temperature range showing phase 
transitions from room temperature to liquid phase 

 

Figure 5-6 shows isopleths and an isotherm at 300K.  Isopleths are pseudobinary phse 

diagrams, where one of the three compositions is kept constant and the diagram is plotted 

as composition against temperature.  This makes studying continuous phase transitions 

easier.   

At 0.8PG/0.1AMPL/0.1NPG, a three phase region (α+β+δ) exists form 250K to 259K.  

After that the three phase region is transformed in to a α+δ two phase region.  This region 
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is stable up to 300K, and then is transformed in to a one phase region (α).  At about 338K 

the α phase is transformed to a very small sliver of α+γ+γ`.  This sliver exists for only 1-

2K at that particular composition.  After that the three phase region is converted in to γ 

single phase region.  This phase is stable over a wide range of temperature up to 442K 

and then liquid phase starts to appear along with γ phase (L+γ).  At about 454K the γ 

completely melts and forms liquid single phase. 

 

 Figure 5-6 Isopleths of PG-NPG-AMPL and an isotherm at 300K 

 

Similarly, at 0.4PG/0.3AMPL/0.3NPG, a three phase region (α+β+δ) exists form 250K to 

270K.  AT about 270K the three phase region is transformed to α+δ two phase region.  
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This two phase region is stable up to 299K and then transforms in to α+δ+γ three phase 

region.  At 330K the three phase region is transformed in to γ single phase region.  At 

389K the single phase region starts converting to L+γ. After 410K this region becomes 

completely liquid.  Table 5-3 lists the phase transition occurring at various compositions 

and temperatures. 

Table 5-3 Phase transitions in PG-NPG-AMPL system 

XAMPL XNPG Phase transitions 

0.16 0.04 LL KKKK  →+ → → →++ 448435340277 γγαδβα  

0.4 0.2 

LL
a

K

KKKK

 →+

 → →++ →+ →++
402

389348298280

γ

γγδδαδβα
 

0.1 0.5 

LLL KK

KKKK

 →+ →++

 →+ →++ →+ →++
413410

408338322272

`
`

γγγ

γγγδαδαδβα
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L
L

K

KKKK

 →

+ → →++ →+ →++
444

440326318278 γγγδαδαδβα  

0.4 0.4 

LLL KK

KKKK

 →+ →++
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Chapter VI    The equilibrium phase diagram of the 

pentaerythritol-pentaglycerine-2-amino-2methyl-1,3, 

propanediol (PE-PG-AMPL) system 
 

6.1. Computational Procedure 

In order to compute phase equilibria and calculate the phase diagrams, certain 

thermodynamic parameters need to be calculated.  This section describes the 

determination of thermodynamic properties (enthalpies and entropies of formation for 

PE, PG and AMPL, Gibbs free energies of the stable and metastable phases, etc.).   

6.1.1. Thermodynamic Modeling of Solution Phases 

The most relevant features of the description of the thermodynamic parameters are 

discussed for the present purpose. Table 6-1 shows the list of symbols used to describe 

the phases in PE-PG-AMPL system.  The low temperature phases are characterized by α 

or β, the high temperature phases are designated as γ, γ`, and the liquid phase as L.  For 

simplicity PE is represented by A, PG as B and AMPL as C.   

A CALPHAD type optimization using regular and subregular solution model is 

considered to be adequate to describe the Gibbs energies of different phases. The low 

temperature “Phase II” are represented by α or β and the high temperature phases are 

represented as γ or γ`. The liquid phase is designated as “L”. 

If the reference state for each phase is taken to be that of the pure components in that 
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Table 6-1 List of symbols for denoting phases in PE-PG-AMPL system 

 

 

 

 

 

 

phase, then the Gibbs energy of a solution phase φ  (φ  =α, β, γ, γ` , L) can be represented 

as follows (unit of Gibbs energy is J mol-1 throughout this work, where a mol is a mole of 

formula unit): 

φφφφφ ,000 )lnln(ln EX
CBACCBBAA GxxxRTGxGxGxG +++++++=         (1)  

Where φ  =α, β,  γ, γ`,  L, R  =8.314 J mol-1 K-1, Ax  is the mole fraction of “A”, Bx is the 

mole fraction of “B” and Cx  is the mole fraction of “C”.  φ
AG0  , φ

BG0  and φ
CG0  are the 

pure component Gibbs energies inφ .  

The excess Gibbs energy for a binary system A-B, can be demoted as; 

))(( 10
BAABABBA

xs
mix xxLLxxG −+=                                                             (2) 

The binary interaction parameters for excess Gibbs energies, φ
jiL , can be expressed as 

follows: 

Symbol Phase 
Liq or L Liquid 

α Low temperature PE, PG phase 

β Low temperature AMPL phase  

γ High temperature PE, PG phase 

γ` High temperature AMPL phase 

L Liquid phase 
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)(
0

,, ji

m

n
ji

n
ji xxLL −=∑

=

φφ  

The ternary excess Gibbs free energy is written as follows: 

))((

))(())((
10

1010

CAACACCA

CBBCBCCBBAABABBA
xs
mix

xxLLxx
xxLLxxxxLLxxG

−++

−++−+=
      (3) 

The binary and the ternary interaction parameters φ
ji

n L , and φ
kji

n L ,, take the following form: 

97312)ln( hTgTfTeTdTTcTbTaLm
n +++++++= −φ  

where a,b,c,d,e,f,g and h are the excess Gibbs energy parameters.  In most cases only the 

first two terms of the above equation are used. 

For a phase φ  (φ  =α, β, γ, γ`, L), φ
AG0 , φ

BG0  and φ
CG0 are the reference states of pure “A”, 

“B” and “C”, same as φ .  A single reference phase is chosen for each component. 

The reference phases were chosen and denoted as: α for “A”, β for “B” and α for “C” and 

set to zero. 

Therefore, 

00 =α
AG , 00 =β

BG and 00 =α
CG                               (4)       

The binary phase diagrams are calculated first and extrapolated to a ternary system. 

The pure Gibbs energies were determined using the heat capacity data.  So, for 

component “A” the Gibbs energies of the stable phases are: 

γαγααγ →→ ∆=∆+= AAAA GGGG 0000
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Similar expressions can be obtained for Gibbs energies of stable phases of “B” and “C”. 

6.1.2. Metastable Phase Calculations 

Metastable phases are only calculated for the PE-AMPL system and PG-NPG system.  

The PE-PG shows complete miscibility for both low and high temperature phases.  The 

Gibbs energies for metastable phases are estimated by modifications to the stable phases.  

For example, for “ A” in β phase, we are interested in determining the difference,

αβ
AA GG 00 − , such that we can express, 

βαβ
AAA MGG += 00   

The Gibbs energy of the β phase, β
mG , can now be written as:  

βββ

βββαβ

,

,00

)lnln(

)lnln()(
EX

CCAAAAm

EX
CCAACCAAAm

GxxxxRTMxG
GxxxxRTGxMGxG

++×+=

++×+++=
 

Similarly for the α phase, we can write the Gibbs free energy, α
mG , as:  

ααβ

ααβαα

,

,00

)lnln(

)lnln()(
EX

BBAABBm

EX
BBAABBBAAm

GxxxxRTMxG
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To estimate β
AM  and α

CM , α and β phases are assumed to be ideal solutions. It should be 

noted that this assumption is based only for the purpose of calculating the metastable 

phases.  

Therefore, the partial molar Gibbs free energies can be written as: 

)ln(

)ln(
0

0

ααα

βββ

BBB

BBB

xRTGG
xRTGG

+=

+=
 

6.2. Experimental Data 

6.2.1. Phase Equilibria 

A brief outline of the thermodynamic strategy used in this work is presented in this 

section.  Most of the descriptions of the enthalpies and transition temperatures were 

obtained from Murrill and Breed [1

1

] and are shown in Table 2.  The enthalpies and the 

phase transition temperatures for AMPL were taken from Murrill and Breed [ ].  Data for 

AMPL reported by Ding [2] is higher than the data available in literature. The compound 

used by Salud et al. [3] was higher than that used in earlier works [4,5]. The reason for 

the difference in the data can be attributed to this fact. The melting temperature of NPG 

reported by Ding [6

1

] was 399K. This value is lower than that reported in literature 

(402.8K) but is closer to the one reported in previous works [ ] and also to the values 

reported by Sigma-Aldrich. This data has been used for the calculations in this work. 

Pure PE data has been used from Chandra et al. Enthalpies and phase transition 

temperatures for pure PE and PG used for calculations were taken from Eilerman et al. 

[7]   
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Table 6-2 Crystal structure, transition temperatures and thermal properties of PG, AMPL 

and PE [8

Compound 

] 

Low temp. 
phases 

TTR(K) ΔHTR(J/mol) ΔSTR(J/mol 
K) 

High 
temp. 
phases 

TF 
(K) 

ΔHF(J/mol) ΔSF(J/mol 
K) 

PG Tetragonal 354 23120 65.29 FCC 471 5430 11.54 
AMPL Monoclinic 353 23330 66.01 BCC 471 5430 11.54 
PE Tetragonal 461 41260 90.25 FCC 533 5020 9.45 
 

 

6.3. PE-PG-AMPL ternary phase diagram 

 

The binary phase diagrams constituting the PE-PG-AMPL system have been described in 

previous chapters.  In this chapter only the ternary phase diagram and phase transitions 

will be discussed.  The ternary phase diagram was created using Gibbs energy equations 

and predicting the number of phases in the ternary.  Table 6-3 shows the Gibbs energy 

expressions for the PE-PG-AMPL system.  In this ternary two low temperature phases 

(on phase belonging to PE, PG and the other to PG-AMPL), and two high temperature 

phases.  This assumption was made because, PE and PG form completely miscible 

solutions at both low and high temperature phases and hence are considered as one phase 

for each temperature region.  Figure 6-1. 6-2 and 6-3 shows PE-PG-AMPL isotherms at 

several temperatures.   
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Table 6-3 Gibbs energy expressions for PE-PG-AMPL system 

No. Gibbs energy expressions 

1 00 =α
PEG  

2 00 =α
PGG  

3 00 =β
AMPLG  

4 886.46600 =α
AMPLG  

5 12.653650 =β
PGG  

6 43810 =α
AMPLG  

7 886.46600 =α
AMPLG  

7 77950 =β
PEG  

8 886.46600 =α
AMPLG  

9 )ln(35.109372.27249278.679408.1501.8941260 20 TTTTTGPE −−++−=γ  

10 2.324)ln(11048.7309746.949275.001.623300 20 +−−+−−= TTTTTGAMPL
γ  

11 2.324)ln(11048.7309746.949275.001.623300 2`0 +−−+−−= TTTTTGAMPL
γ  

12 439)ln(35.109372.27249278.679408.15.8941260 20 +−−++−= TTTTTGPE
γ  

13 TGPG 29.65231200 −=γ  

14 =γ
AMPLG0 445.830)ln(11048.7309746.949275.001.623300 2 +−−+−− TTTTT  

15 62.100829.65231200 +−= TGPG
γ  

16 TGL
PG 83.76285500 −=  

17 )ln(015.1180623.23715163.7119376.192.9846280 20 TTTTTGL
PE −−++−=  

18 )ln(44.1197.7895362.102629.077.734.26291 20 TTTTTGL
AMPL −−+−−=  
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Figure 6-1 PE-PG-AMPL isotherms at 335K and 340K 
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Figure 6-2 PE-PG-AMPL isotherms at 360K and 415K 
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 Figure 6-3 PE-PG-AMPL isotherms at 430K and 450K 



183 
 

Isopleths for PE-PG-AMPL are plotted in figure 6-4 along with an isotherm at 390K.  

The isotherm helps to depict the composition on the isopleths.   

 

 

 

Figure 6-4 PE-PG-AMPL isopleths and an isotherm at 390K 

 

At 0.8PE/0.1PG/0.1AMPL, a two phase α+β region exists from 250K to 298K.  After that 

the two phase region becomes single phase α.  The α phase is stable up until 423K after 

which it is converted to γ.  The γ phase is also stable for a wide temperature range. It 

melts in to liquid at 517K.   
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Similarly, at 0.2 PE/0.4PG/0.4AMPL, two phase region α+β is stable till 335K after 

which it transforms in to a three phase α+β+γ` reion.  This three phase region exists as a 

very small sliver, and then transitions in to two phase α+γ` region.  This region is stable 

till 352K and the changes to α+γ+γ` region.  At 402K the three phase region is converted 

to single phase γ, which is stable till 448K and then transforms to L+γ with the 

appearance of liquid phase.  The two phase region completely becomes liquid at 473K.  

Table 6-4 shows the phase transitions at various compositions and temperatures. 

Table 6-4 Phase transitions in PE-PG-AMPL 

XAMPL XPG Phase transitions 

0.3 0.5 

L
L

K

KKKK

 →

+ →+ →++ →+ →+
521

410355353331 `` γγαγγαγαβα  

0.6 0.2 

L
La

K

KKKK

 →

+ → →+ →++ →+
455

448418349347 ```` γγγγβαβα  

0.25 0.25 

LL KK

KKK

 →+ →

 →+→++ → →+
447423

444380377346 `
γγ

γαγγααβα
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Chapter VII  Condensed Summary and Conclusions  

A. Condensed Summary  

Binary Systems: We calculated the binary Gibbs energy equations for the pure 

compounds and metastable phases for the PE-NPG, PE-PG, PG-NPG, AMPL-NPG, PE-

AMPL and PG-AMPL. The experimental data available in the literature for the binary 

systems was used to optimize thermodynamic parameters to calculate the binary phase 

diagrams; these binary phase diagram calculated were fed into the Thermo-Calc program 

routines.  Different substitutional solution models were used to determine the interaction 

parameters to determine Gibbs energy equations and metastable phase calculations to 

ultimately give the ternary isothermal section of phase diagrams.  More importantly the 

relation between the compositions and temperature for the ternaries were determined 

from the isopleths generated from these ternary calculations.   For optimization of the 

binary phase diagrams substitutional solution models were used; the PARROT module in 

the Thermo-Calc software was used to optimize the phase diagrams and calculate 

interaction parameters. The interaction parameters were used to calculate activities and 

enthalpies of mixing.   

Ternary Systems:  We computed four ternary systems :(1) PE-NPG-NPG, (2) PE-NPG-

AMPL, (3) PG-NPG-AMPL, and (4) PE-PG-AMPL. We also calculated the isopleths 

form the ternary isotherms for all the system computed.  Although we have data for 

several isopleths, we have selected isopleths for a few compositions and plotted 

composition vs. temperature pseudo binaries.  Due to limited experimental data in the 
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literature for the ternary phase diagrams of “Plastic Crystals,” the ternary interaction 

parameters have not been calculated.  The PE-PG-NPG phase diagram was calculated 

using the binaries PE-NPG, PE-PG and PG-NPG; phase diagrams were computed from 

room temperature to the liquid phase. It should be noted that the PG-NPG was calculated 

from 280K to show the transition at 298K.  Gibbs energy equations and metastable 

calculations were performed to compute the phase diagrams. 

B.  Conclusions 

In this study, four ternary, polyalcohol and amine, systems are developed with the 

CALPHAD methodology, using  thermodynamically  modeled binary PE-NPG, PE-PG, 

PG-NPG, and PG-AMPL systems.  We also used some literature (computational) data of 

AMPL-NPG, and PE-AMPL binary systems. Ternary phase diagrams at various 

temperatures calculated for the PE-PG-NPG, PE-NPG-AMPL, PG-NPG-AMPL and PE-

PG-AMPL and isopleths thereof from these ternary systems yielded more solid state or 

solid–liquid phase transitions allowing more heat storage (isothermal) temperatures.  In 

the systems containing of AMPL with PG and NPG we observed low temperature 

transitions (as low as 253K) useful for cooling applications.  Some of the important 

conclusions from this study are presented for all the four systems and are described 

below. 

System No. 1: Polyalcohol PE-PG-NPG system 

For optimization of binaries, low temperature phases (α an d  β in  PE-NPG) a Henrian 

solution model had to be used because the NPG forms a dilute solution with PE, on the 

NPG side.  For the high temperature (orientationally disordered phases- ODIC) γ phases, 
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in this case a regular solution model was used.  For the PG-NPG system, α,  β,  and γ a 

sub-regular solution model was used, and for liquid phase a regular solution model was 

used. In the case of PE-PG binary, the low temperature and liquid phases were modeled 

as ideal solutions. Whereas the high temperature ODIC γ phase was modeled using 

regular solution; the interaction parameters derived for this were very small suggesting 

that the solution can be considered ideal.  

 

In the ternary PE-PG-NPG system we designated α, β, γ, and γ’ solid phases, as PE-PG 

low temperature stability exhibited ideal solution behavior and has only one α phase, with 

no de-mixing. The low temperature PE rich phase in PE-NPG when projected on ternary 

phase diagram combines with the phase that forms one large completely miscible solid 

solution.  The four isopleths (or pseudo binaries) chosen; for example α+β->α+β+γ ->α+γ 

, that gives wide range of composition and temperature as compared to the binaries of 

these polyalcohol. In general there are more solid state phase transitions in the ternary 

system than those observed in the related binaries.  

System No. 2  Polyalcohol-Amine  PE-NPG-AMPL system 

The activities of PE-AMPL and AMPL-NPG and PE-NPG exhibits negative deviation 

from ideality (Raoult’s law). This is the most complicated system; because we had to 

assign three low temperature and three ODIC phases of the binaries, as all the binaries 

constituting the ternaries have demixing regions in both the low and high temperature 

phase stability regions.   From the binary interaction parameter we extracted the activity 

PE in liquid PE-NPG-AMPL at 460K, 500K, and 640K using Krupkowski’s formalism. 
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The isopleths at 0.5 AMPL-0.25PE-0.25NPG show α+β+δ->  α+β+ε -> α+ ε -> L+ α+ ε -

> L+ α-> L+ γ. These complex ternary phase transitions are extremely difficult to 

determine easily by experimental methods.  

System No. 3:  Polyalcohol - Amine  PG-NPG-AMPL system 

The optimized PG-AMPL system agrees with literature experimental phase diagram, 

using regular solution model, for all phases.  

In the ternary we assigned three low temperature (α, β, δ) and two high temperature (γ -

FCC) and (γ’-BCC) phases. All phases projected in the ternary isotherms from the 

binaries do not show any new phases or compounds forming. Isotherms plotted from 

280K to ~500K exhibit the liquid phase starts appearing at low temperatures (because of 

the low melting temperature of AMPL (380K), as compared to the other system discussed 

above. The isopleth at 0.2PG-0.4NPG-.0.4 AMPL three phase region was found at low 

temperatures, and the following phase transitions were observed: α+β+δ (282K) ->  

α+δ+γ (308K)-> δ+ γ (335K) -> γ + γ’ (374K) -> L+ γ + γ ‘(375K) -> L+ γ (377K) -> L, 

showing low temperature transitions (from 250K to 300K) in the range of these 

composition.  

System No. 4  Polyalcohol-Amine PE-PG-AMPL system 

The ternary PE-PG-AMPL consisting of two low temperature (α, β) and (γ, γ’) at 0.8PE-

0.1PG-0.1AMPL a two phase region exists from 250K to 298K. The 

α (423K)->  γ (517K)-> L.  At higher composition, 0.2PE-0.5PG-0.3AMPL, the situation 

is different; α+β (331K) -> α+γ’(353K) -> α+γ+ γ’ (355K) -> α+ γ (410K) -> L+ γ  

(521K) -> L.  For the composition, 0.5PE-0.25PG-0.25AMPL, the α+β (346K)->  
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α(377K)-> α+γ+ γ’ (380K)-> α+ γ (444K)-> γ  (423K) -> L+γ(447K) -> L; thus complex 

phase transition sequence are observed.    
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